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Chapter 1: Introduction 
1. Introduction. 
1.1 The Problem Being Addressed in This Dissertation. 
This dissertation is concerned with theviability of a renewable energy technolon, as a 
means of electricity supply. It addresses two underlying questions: 
1. Is there justification for a move to photovoltaics (PVs) as a renewable energy 
source - i. e. are they a viable alternative to conventional sources of electricity'. ' 
2. How can altemative methods of technology assessment be svnthesised in decision 
making? Alternative perspectives are provided for the assessment of the viabilitN, 
of a technology. This provides a methodological investigation of ,, -iability 
assessment, illustrates the contrasts and similarities between methods used, 
considers how such methods can be combined to aid energy policy decision 
making and discusses the implications of different methods of assessment. 
A simple definition of the viability of a technology would be that the benefits of the 
technology over its lifetime outweigh the costs to the extent that using the technology 
has sufficient advantage'. This is deten-nined by factors relating to the performance 
of the technology in relation to alternative means of providing the same good or 
serv, ice. Assessment of the viability of technologies is of crucial importance to enable 
informed decisions to be made concerning which technologies are appropriate to be 
adopted to provide a good or service. 
Currently assessment of viability i's usually done on economic grounds - do the 
monetary benefits of using the technology outweigh the costs with sufficient profit to 
make an investor invest? However there is increasing recognition that simple 
economic evaluation is not enough and that viability assessment should also take 
physical, technical, social and environmental characteristics into consideration. Sorne 
economists have argued that economics is more than capable of thc, ýe 
1 Sufficient in this instance is determined by the investor, of time and resources, in the technolo-un 
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other factors into the economic decision-making process by placine monetan- X, alues 
on them. However, there are other methods of assessment, such as enerp, analysis 
and life cycle assessment, which provide an alternative or complement to economic 
evaluation. Such methods can provide a valuable insight to technologies that offer 
benefits outside the sphere of monetary evaluation. 
Renewable energy technologies are deemed to be environmental IN, friendl\, forms of 
energy provision. This often gives the impression that they have no impact on the 
environment. This, in turn, implies that we can get something for nothing which is 
not in fact the case: all renewable energy technologies ha\-e an impact on the 
environment. The extent to which renewables offer environmental improvements 
over current energy supplies is therefore of crucial importance. Once this has been 
determined the question then arises - do the benefits in environmental terms outweigh 
the current relative expense of these technologies? It is in this area of questioning 
that this dissertation attempts to provide some answers. 
The next few sections will provide a context within which the rest of the dissertation 
is set. Section 1.2 explains why there is a need for electricity supply from renewable 
energy technologies by explaining the basic problems with conventional electricity 
supply technologies and why these problems are likely to get worse. It also considers 
the potential of renewable energy sources to replace conventional electricity sources. 
Section 1.3 considers why the viability of renewables is in question and Section 1.4 
explains why the consideration of the viability of BiPV cladding systems is of 
particular interest. Section 1.5 concludes this chapter by bnefly describing the 
contents of the remaining chapters in this dissertation. 
1.2 Renewable Energy Sources. 
1.2.1 The Problems with Current Energy Consumption. 
Energy is a necessary requirement for the development of any system, be that natLiral 
eco-sVstei, ns or economic systems (Jackson, 1996). Currently. industrial economic 
-e taken their energy supplies predominantly frorn fossil and. more sVstem-s ha\ 
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recently, from nuclear sources 
continued use of such sources. 
There are two fundamental problems with the 
1. Resource depletion. The use of fossil and nuclear fuels as energy sources 
represents the use of finite resources. This raises the question of inter-generational 
equity and looking after the stock of our resources. Georgescu-Roegen (1981) 
raises this issue claiming that.. 'by using the stock of resources too quickli, (I. S. we 
are at present, man throws away that part of solar energi- that will he 
reaching the earth for a long time after he has departed AnY u. ý-c ofthc natural 
resourcesfor the satisfaction of non-vital needs means a smaller quanill-11, oflýlý, In 
the future'. Similarly Cotrell (1978) maintains that mankind has operated a 
'cowboy' economy, like the reckless exploitation of limitless plains rather than the 
r spaceship' economy which has become increasingly relevant on a finite and 
crowded planet. In a cowboy economy success is related to the amount of output 
produced by the factors of production whereas in a spaceship economy the 
criterion for success is the maintenance in good order of the existing capital stock 
which on earth is the natural environment. 
2. Pollution of the environment. In the conversion of nuclear and fossil fuels to 
energy the associated emissions released can lead to one or more of these effects-, 
warming of the earth's atmosphere, radioactive contamination, water pollution, the 
dying of forests, air pollution, soil erosion, desertification as well as increasingly 
dangerous temperature fluctuations and storms. Of particular attention lately has 
been the issue of greenhouse gases, so called because such gases are believed to 
contribute to climate change and the effects of global warming. Carbon dioxide 
CO-, is of particular concern as it is emitted in the largest quantities. The carbon 
content of the atmosphere is in a natural balance without anthropogenic activities 
2 
and so every instance of the combustion of fossil fuels perturbs this equilibrium 
Hohmever (199-4) maintains that of the excess carbon added to the atmosphere, mostlý from fossil 
fuels, onk half is re-absorbed naturally by photosynthesis The remainder staý-s in the atmosphere 
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These two perspectives imply that current energy supply is not sustainable. To be 
sustainable an energy supply needs to be non-depleting and only cause damage to the 
environment that is within the carrying capacity of the global eco-system. Our energy 
resources should come from our supply of solar energy in its renewable forms which 
are therefore a 'constraint on sustainable development' (Jackson 1996). As described 
by Georgescu-Roegen (198 1), 'in a different way than in the past, mun will have to 
return to the idea that hi's existence is afiree gýfi of the sun'. 
1.2.2 The Worsening of Energy Related Problems. 
The urgency of the move towards a more sustainable energy supply is compounded by 
2 factors, population growth and economic growth. 
9 The World's population is growing. Figure 1-1 shows the range of predictions for 
global population growth (see Jefferson, 1995, Klexve, 1994 and Shell, 1996). 
According to the World Energy Council 90% of this growth is expected to occur 
in developing countries (Jefferson, 1995 )3. 
Figure 1-1: Predictions for World Population Growth. 
15 
10 
-5 
0 
Year 
Sourccsý Jefferson (1995), Kle%%e (1994) and lic I I( I gg(, ) 
3 SimilarIv Brown et. al. (1995) claim that of the 88 million people added to the world population in 
1994,790/6 were in the 'third world' and 65% were in Asia. 
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0 The world economy is expected to grow. If the trend of the last 100 years 
continues the world economy will continue to grow at 3% per annum, with rapid 
growth in industrialising nations this could increase further. Strong groNýIh is 
expected in the developing world, which along with associated improvements in 
standards of living will increase the demand for energy (Shell, 1996). According 
to Trainer (1995) if the present world population had the rich world per capita 
consumption of commercial energy, world energy production would have to be 
4 quadrupled . 
These factors combined mean that, un-controlled, energy demand is likely to grow 
significantly in coming decades. The predictions of several authors are shown in 
Figure 1-2. It shows growth in the demand for energy, by 2100 energy dernand is 
expected to be between 2 and 5 times its level in 1990. 
Figure 1-2: Extrapolations of Future Global Energy Demand. 
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Sources: Jefferson (1995), Kle%w (1994) and She" ( 1996) 
Schmid (1998) expects energy consumption to double every 14 years. In Asia with 
both high economic grovýlh and high population growth, groNNIh in energy demand is 
4 This is supported by findings such as those of Singh and Thompson (1998) that 2 billion of the world's 
population is currently Without electncitv. 
23 
0 
Chapter L Introduction 
predicted to be fastest5. This increase in global energy consumption has implications 
on both resource depletion 6 and burdens on the environment. 
1.2.3 Sustainability and Energy Supply. 
There are 2 basic solutions to this problem. Improving energy efficiency, doing more 
with less and substitution, replacing non-sustainable and environmentallý, damaging, 
energy technologies with more sustainable and cleaner energy technologies (see 
Jackson, 1997 and Figge and Butz, 1998). Given the scale of the problem described 
above, a combination of both solutions is likely to be the only way that energy 
services can be supplied in a 'sustainable' manner. 
To be sustainable, energy should come from the environment in a wav that does not 
reduce its capacity to continually produce more energy. As illustrated in Figure 1-3 
below,, in terms of materials, the Earth is essentially a closed system. No materials 
enter the Earth's atmosphere, except perhaps the rare occurrence of meteors from 
outer space. In nature materials are therefore cycled in the biosphere and re-used. 
Figure 1-3: The Earth as a Thermodynamic System. 
Solar Radiation Re-radiated Heat 
Earth 
Eco -System 
Re-use 
Re-cycle 
Universe 
Global ycl 
(Sourceý Adapted from Jackson 1996, p 15) 
5 Gray (1996) claims that predictions by the Worldwatch Institute put energv demand groýý-th at 12400 
in Asia bet ween 1995 and 20 1ý 
6 Schmid ( 1998) maintains that enervy resources at today's consumption le%els will last around 4()() 
years With exponential gromh in enerygv demand such reserves \%III only last 90 years 1-ven if 
10 
times more reserves \ý ere found they would only last a further 90 years 
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In energy terms the earth is an open system, it has an input of ener(--TN, in the form of 
solar radiation and an output of waste heat which is equal to the input of radiation so 
that the earth maintains a constant temperature. The earth is controlled in this 
thermodynamic state far from equilibrium by a natural and sophisticated control 
7 system strongly involving the atmosphere 
It is solar energy that has enabled eco-systems to form and be maintained. Solar 
radiation has a high then-nodynamic quality, because of the temperature of the source 
emitting it, it can be raised to any desired temperature up to 5,500 T by concentrating 
it from a large surface area (Scheer 1994a). As it is transformed through the earth's 
ecosystem solar energy is degraded until the energy is eventually re-radiated as loýý 
grade heat8. Human economic systems have, since the discovery of the potential use 
of fossil fuels, become based on stocks of such fuels which means that unlike natural 
eco-systems they are not currently sustainable in energy terms. The use of the 
naturally occurring energy flows through the biosphere, rather than stocks of energy 
sources that cannot be replenished within a sufficient time-scale, is the basic 
argument for renewable energy technologies such as PVs. 
1.2.4 The Fluxes of Renewable Energy. 
Renewable energy sources represent a huge, largely untapped resource obtained from 
the continual energy fluxes of the natural environment. As shown in Figure 1-4 beloxv 
this is principally from solar radiation and its knock-on effects, but also from geo- 
thermal and volcanic heat (generated by the decay of natural elements in the earth's 
crust) and tidal power (See Hill et. al., 1995 and Twidell, 1995). 
The Sun's total output is 383,000,000,000,000 TW (3.833 23 kW) (Bnster 1996), the 
Earth and its atmosphere intercepts only 173,000 TW of thIs9. As FIgure 1-4 shovvs- 
300 o of this is reflected directly before it reaches the Earth. This means that at sea 
7 Hence TNvIdell ( 1095) claims that it is extreme stupidity for us to per-turb this control -, \,, teni. 
8 An example of this lo%ý grade heat is the immense heat dissipated into the water ofthe seas, %Oich no 
ship can use as ships need energy concentrated in winds or chemical ener, 4v ftom fuels (Sleser 1991) 
9 Equivalent to approximately L, -50 W, m2 (Vitousek et. al., 1986) 
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level and under a clear and clean atmosphere the solar flux for the %\hole earth is 
about 120,000 TW equivalent on average to 1000 W/m2 onto a surface perpendicular 
to the beam (Vitousek et. al., 1986)10.46% of this heats the air, soil and seas. 0.221 o is 
transformed into atmospheric energies such as wind or waves. 230io drives the 
hydrological cycle and 0.02% is used in photosynthetic processes and turned into 
biomass. The influxes of energy from the earth of nuclear, thermal and graý Itational 
energies, supplied in the forrn of tidal, geo-thermal and volcanic energy is in the order 
of 40 TW. 
Figure 1-4 : Renewable Energy Fluxes Through the Eco-system. 
Solar Radiation 
173,000 TW 
Heating 
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Human energy use represents only a small fraction (0.005%) of the solar radiation the 
earth receives and is currently predominantly from fossil fuels (derived 
from 
fossilised biomass) and biomass". All these energies that are transformed through 
the environment are ultimately dissipated as heat and re-radiated back 
into space as 
10 Equivalent to about 20,000 kkV per person or 10,000 times more than the 2 kNN' per person , 
needed 
within a nation havIng high qual, tv Hestyles with Nigh technology and the efficient use ot enel, gy 
(Twidell 1995) This figure takes into account the 3300o of solar radiation that is reflected 
before it 
reaches the Earth's surface. 
" Although human appropriation of the products of photosynthesis are several orders of magnitude 
higher than these figures suggest 
Re- Radiated Heat 
12 1,000 TW 
I 
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long-wave radiation so that the net energy of the system is roughly constant and hence 
the earth's temperature remains constant. In tapping this energiv flow and using it 
man would ultimately release this energy as heat, in a similar way to a natural eco- 
system. Conventional fuel based technologies would not have to be used savincy C 
resources and burdens on the environment. 
Not all the energy that reaches the earth's surface can be used. Firstly, only a third of 
the radiation impinges on land area, but even this, according to Kuhne and Aulich 
(1993), accumulated over less than two hours, would cover the whole primary energy 
demand of man for a period of I year 12 . 
This provides an indication of the magnitude 
of the potential for solar energy. Nielson and Sorensen (1997) give an estimated 
recoverable energy stream received by the Earth of about 1000 TW from the total 
annual energy income at the Earth's surface of 121,000 TW but this is still 100 times 
human energy use. The recoverable resource is much less than the solar resource 
base because of a number of factors, including physical limits to using the solar 
energy. We need high quality and concentrated energy whereas solar energy and the 
energy it is transfon-ned to by natural processes tends to be diffuse in the environment. 
1.3 The Viability of Renewable Energy. 
Despite being an abundant source of energy, renewable energy sources are not 
currently being harnessed to any great extent 13 . 
There are a number of reasons for 
this, some of which are institutional and economic in nature. In addition hoýýever, 
there are some technical and physical factors which limit or constrain the rate of 
development of renewable energy. Two important physical factors are that- 
Renewable energy flows through the global environment are diffuse in terms of 
energy content in comparison with conventional, concentrated, fossil sources and 
renewable energy flows are also uncontrollable in the environment. 
12 This calculation though does not take into account location specific factors such as ýýeather 
conditions, hours ot'diiN light etc., 
Although rem,, -able energy arguably provided 100'o of all energy supply before the dlscover-ý of 
flossil and nuclear fuels 
27 
Cbapter 1: Introduction 
These factors make utilisation of this energy capital intensive requirinu a large 
number of machines covering a wide area to capture a sufficient amount of enem)x. 
This makes them relatively expensive in both monetary and resource terms. This is 
especially true for photovoltaics (PVs) particularly in northern latitudes such as the 
UK where the solar resource is not as high as it is in lower latitudes. If solar energy is 
to have any value to mankind it must also be accessible, it must be able to be captured 
and transformed to sufficient quality to be of use. Solar energy may be a free good 
but to capture it and deliver it as a useful forin of energy to the user, requires human 
made devices (Slesser, 1993). The more diffuse the energy flow the harder it is to 
use, biomass and hydro power represent a concentration of energy, solar and xvind 
energy on the other hand are diffuse. This implies that the assessment of the vlabilitv 
of the direct use of solar energy by presently known technologies will. amongst other 
things, need to incorporate their material requirements (Georgescu-Roegen, 1979). 
The main advantage of most renewable energy sources, in contrast to conventional 
fossil fuel power plants, is that they are deemed to be environmentally superior forms 
of energy provision. However, given that significant amounts of resources are used in 
their manufacture, such claims must be carefully qualified. Since renewable energy 
technologies are being adopted for their environmental benefits over conventional 
sources, the extent to which they have environmental benefits is an important 
consideration in determining the viability of the technology. If the environmental 
benefits are not significant, especially considenng the current cost of many of the 
technologies, the viability of these technologies will be questioned. Illustrating this 
trade-off between economic costs and environmental benefits is one of the main tasks 
of this dissertation. 
1.3.1 The Viability of Building Integrated Photovoltaic Cladding Systems. 
There is a wide choice of renewable energy technologies for electricity, these include. - 
Biomass, Geothermal. Hydro. Photovoltaics, Tidal. Wave and Wind. PhotoNoltaics 
have been chosen in this dissertation because the xriability of this technologN is not N'et 
widely accepted and yet they have significant advantages oNer other renewable energy 
technologies. 
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9 PVs are modular - they can be built to provide power for systems ranging from 
microwatts to megawatts, an attribute that makes them ý, er-v versatile. They can 
be applied next to the load in remote locations or in urban areas. This (-Yiýe-s PVs 
an advantage over other renewables which often produce electricity in large plants 
from where it is distributed to the point of use at additional cost. 
0 Solar energy is a widely available energy source, McNelis (1996) claims that solar 
power has a large potential even in the UK. Though we are a considerable 
distance from the equator we still receive around 50% of the amount of solar 
energy received at the equator. Its distribution is also much more evenly spread 
than many other renewables. According to Kuhne and Aulich (1993), despite 
being diffuse it is only in urban areas or industrial agglomerates that more ener_*" 
is consumed than is received from the sun in the respective land area. Slesser 
(1993) makes some preliminary estimations to get a sense of the scale involved. 
To replace 100% of the world's energy demand in 1992 at 100% capture and 
transformation efficiency would require the dedication of 1.23 million hectares of 
desert land. However,. taking into account inefficiencies, geographical location, 
load factors and transmission losses, the area required cannot be less than 400 
million hectares which represents 22 times the urban land area. Dealing only with 
electricity much less land area would be required (Slesser, 1993). Booth (1995) 
S 'larly claims that a few simple calculations show that our total energy needs imi I 
could be met by existing PV technologies if they covered less than 1% of global 
land mass. 
According to Hill et. al. (1992) PVs deployed as a cladding on the UK building stock 
could provide 68 GWp of generating capacity at 1995 technology and 110 GWp ýMh 
20. With an output of 750 kWh/kWp'year these the technology projected for 20- 
amounts of PVs would generate around 51 and 82.5 TWh/year equiN alent to 18.5 and 
29.60,, 'o respectively of the UK electricity supplied to final consumer in 1994". Put 
another way, it would take 2,865 kM2 Of pV panels at 13% module efficiency, \ý ith an 
14 In 1994, according to the DT1 (1995) 125,3183 GWh of electricity was generated but onk 279,494 
(j%Vh was supplied to final users. 
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output of 750 kWh/kWp/year to produce the same amount of electricity as was 
supplied to final users in the UK in 1994. Clearly significant energy and material 
resources would be required to manufacture such an amount of PV panels. This 
raises questions about the environmental and economic viability of the technology. 
which this dissertation attempts to answer. 
PVs are an example of a technology which has relatively few environmental 11-ripacts 
during its use. 'Photovoltaic modules need have no moving parts, operate quietly 
without emissions, and are capable of long lifetimes with little or no 
maintenance'(Kelly, 1993). It is not surprising then that they are often described as 
being environmentally benign. This is however not true. In the manufacture of the 
modules for example, substantial amounts of energy and resources are required in 
mining, refining and transportation of the materials used in their production. This 
needs to be taken into account when assessing their viability. It is therefore worth 
considering the impact they have on the environment when assessing their ý, iabihty. 
The application of PVs in buildings is still in its infancy. Many systems currently 
'on projects. They are however being applied on virtually installed are demonstrati III 
every kind of structure; from bus shelters to high rise office buildings (Sick and Erge 
1996). Such systems offer the most cost effective means of applying PVs and are 
likely to be Vhefirsl gridJeeding PVsysiems to reach widespread commerciulisallOn , 
(McNelis 1996). According to Archer (1996) the Renewable Energy Advisory Group 
in the UK concluded in a report in 1992 that 'building integrutcd SI'SIC'MA might 
become an economic Proposition in future, even under UK climatic conditions. 
Such is the interest in this kind of application that the lEA set up a5 year programme 
in an effort to optimise BiPV systems, drawing in specialists from 15 countries. 
There are 3 fundamental reasons why Building Integrated PV (BiPV) S\ stems are 
considered to be the most viable application of PVs-. 
1. The first advantage of BiPV systems is that such systems avoid the cost of land 
acquisition, tencing. access roads, and major support structures for the moduic,, 
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which can be notable costs for ground based PV systems. This is because the 
building on which they are placed replaces all these requirements at no additional 
cost - it would have been there in any case. A building is also likely to be 
connected to the grid avoiding some cabling costs that would be necessary for a 
remote PV site. Although large central PV power stations gain from economies of 
scale in terms of balance of system costs (inverters etc. ), reduced marketing costs, 
transportation and installation costs, the fact that the costs of land and much of the 
structural support are saved with BiPV makes their unit capital costs less. 
2. Secondly, PV systems that are actually integrated into the building fabnc also 
provide the function of protecting the building from the weather, this means that 
the costs and burdens of the system can be split between the functions of 
electricity provision and weather-proofing reducing the net cost of electricity 
provision. This benefit improves the viability of PV from both economic and 
environmental perspectives. 
3. Finally, the idea of BiPV is that electricity is generated at the point of use 
avoiding transmission and distribution of electricity and the costs and losses 
associated with this. As Sick and Erge (1996) argue, 'solar energy is a distributed 
energy source - so is energy demand - why centralise it'. This argument is 
particularly true for cladding systems that tend to be used on public or commercial 
buildings. In such buildings the demand for electricity (9 am to 5 pm) typically 
coincides with the hours of highest solar resource15. This means that the 
electricity produced from PV systems installed on such buildings can be used 
directly Within the building itself 
These benefits of PVs and BiPV cladding systems especially %VII] be considered 
throughout this dissertation. 
" Ove Arup prepared a report for the DTI which concluded that commercial buildings, used primarily 
during the day are an ideal location for PV while domestic properties have a poor power match as 
demand is greatest in the evenings and early momings when sunlight levels are 
low or non-existent 
Brown (1998). 
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1.4 The Contents of the Rest of This Dissertation. 
After this initial introduction, Chapters 2 and _3 provide a context within which the 
assessment of the viability of PVs is set. The dissertation focuses on txNo types of PV 
module, mono-crystalline and poly-crystalfine silicon modules (m-S' and p-SI). 
Chapter 2 places these two technologies in the setting of the overall PV technology 
and considers its physical viability by describing- how PVs work, how grid connected 
systems are configured, the different PV technologies that are aN a' lable and a deta Ii led 
description of how m-Si and p-SI modules are typically produced. 
By considering BiPV cladding systems, this dissertation also focuses on a speci . fic 
application of PVs. Chapter 3 provides a market background \N, Ithin %ý'hich BIPV 
cladding systems are found. In doing this it clarifies why the issue of the viability ot' 
BiPV systems is of key importance to the viability of PVs as a \0iole and examines 
the viability of the market for BiPVs in terms of the existence, and potential of, a 
market. It describes the different applications of PVs, the growth of the lndustrý' and 
how it is expected to continue to grow, which technologies are used and which 
companies are involved. It also describes how costs are expected to tall, the barriers 
to market growth, the types of supports that have been used to overcome these 
barriers and profiles of the support given to PVs in individual countries. 
Chapter 4 describes the theoretical framework within which this dissertation is set by 
describing the methodologies and data used to provide analysis of the \, Iabll]tN of PVs 
from environmental and economic perspectives. 
Chapters 5 to 9 are results chapters presenting economic and environmental anak scs 
of the viability of PVs, comparing the results of the different approaches. Chapter 5 
identifies the economic costs and environmental burdens of m-SI and p-SI module 
manufacture. A critical breakdown of costs and burdens is provided for difforent 
stages of module manufacture. The results of the dillcrent methodologies are 
compared. 
- 
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Chapter 6 provides a similar analysis for PV systems by adding the economic costs 
and environmental burdens of the other components that make up a PV s-Nstcm to the 
costs and burdens presented for modules in Chapter 5. Chapter 6 includes the 
incorporation of the concept of incremental costs by accounting for the economic 
costs and environmental burdens of a conventional claddin-(-! s\, stem that a PV sN,, tem 
may avoid. 
Having found the cost and burdens of PV systems, Chapter 7 then compares these 
costs with the costs of electricity supply from conventional sources, accounting for 
factors such as transmission and distribution costs and analysing the cost. benefit of 
PVs relative to conventional electricity supply. 
Using PV system simulation software Chapter 8 provides a case study, applying, the 
results presented in Chapter 5 to 7 to consider the economic and environmental costs 
and benefits of using PVs at the University of Surrey. It considers the ý; iability of 
applying PVs first to a new building currently being built on the campus and secondlý, 
applying PVs to existing buildings on the campus. 
Chapter 9 provides a sensitivity analysis of the assessment of costs and burdens of 
BiPV cladding systems by considering the effects of changes in the assumpti . ons 
made. Factors relating to the technology and the conditions under which it operates 
are considered. The factors considered show how the viability of BiPV cladding 
systems changes depending on how and where the system is located. It also illustrates 
how the viability of such systems is likely to change, for example due to 
performance improvements. 
A synthesis of the results is presented in chapter 10 hy consIderno hoNý the economic 
and environmental costs of energy technologies such as PVs can be broul-IN together 
to enable energy policy decision makers to include enNironmental and economic 
considerations in their decisions. Calculation of emissions abaterncrit costs and 
consideration of the effects of internalisation of external costs arc both used in thil, 
chapter to discuss the results presented in earlier chapters. 
Chapter Iý Introduction 
Chapter II provides a summary discussion and conclusion, providing further 
synthesis of the results presented in earlier chapters. It considers the limitations of the 
work presented in this dissertation, further work that would be relevant, the 
contribution that this dissertation makes to research and the conclusions that can be 
made from the results and discussion presented. 
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2. Context - The Photovoltaics Technology. 
2.1 Introduction to the Photovoltaics Technology. 
Solar photovoltaic (PV) devices were first engineered in the 1950s to provide a source 
of power for satellites in outer-space, a use for which they are still emploved. Since 
then the technology has developed rapidly and has been used to provide power in a 
range of terrestrial applications, from small electronic devices such as calculators to 
large-scale plants connected to utility grids. The development of the PV IndListry 
covers a diverse range of activities as attempts are made to improve its performancc 
and lower its costs. This chapter and the next provide a context within which the PV 
industry operates. This chapter provides a description of the PV technology, how it 
works and a description of the main technologies that have emerged in the industry. 
This is followed in Chapter 3 by a description of the markets for PVs and the Nvay 
they are being applied. 
In this chapter, Section 2.2 provides a description of hoýk, PV cells and modules work, 
and is followed in Section 2.3 by a description of how modules are typically 
combined with other components to form a system, using the example of a grid 
connected system. The main PV technologies are then described. The crystalline 
silicon technologies which are currently the main technologies used for grid 
connected systems today are described in Section 2.4. This is followed in Section 2-5 
by a description of the 'thin film' technologies which are alternatiýe technologies to 
crystalline silicon modules but are at different stages of commercial isation. Sections 
2.6 and 2.7 describe two methods of improving the performance of PV modules, 
rnulti-j unction cells and concentrator systems and finally the chapter is summarised in 
Section 2.8. 
This chapter therefore puts crystalline silicon modules in a technolo(-, \ conte\t It also 
provides intormation that \vill be drawn upon to help to explain the results presented 
in later chapters. This introduction to the PV technology is essential 
for an 
understanding of their \ iabihtý By describing how PVs \\ ork- and ho\\, - they are made 
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initial proof of their viability is presented. Also technological factors are described, 
which will be returned to in later chapters, that affect the viability of PV systems. 
2.2 How Photovoltaics Work. 
The photovoltaic effect is the direct conversion of sunlight (photon energN-, ) to 
electricity. This is achieved in controlled devices by using cells made typically from 
2 layers of semi-conductive material (predominantly silicon) arranged to have an 
internal electric field. If the cell is connected to an electrical circuit it xvill generate 
electricity when exposed to light. 
Figure 2-1: How PV Cells Work. 
k3oufcc. UFUCH, 1-fol-I 
A built-in electric field is fon-ned within the cell along the zone orjunction between 2 
layers of silicon. One layer has a negative charge (n-type layer), having excess 
electrons and the other has a positive charge (p-type layer) having excess holes. By 
creating such layers next to one another an electric field, a p-n junction is formed 
between them, enabling the device to act as a one way conductor or junction diode'. 
For a fuller descnption of the workings of a PV cell see Wheldon (1998), Kellv (1993) or Green 
(1982). 
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Semi-conductive materials such as silicon are 'doped" - specific impurities are added 
to them - to create the n and p-type layers. The purpose of doping is to adjust. 
through the controlled addition of small amounts of impurities. the electrical 
conductivity type and the magnitude of the conductivitv of the material. Silicon has 4 
outer electrons, therefore phosphorus having 5 outer electrons and boron having 3 are 
good impurities for silicon as they create a structure with extra free electrons (n-type) 
and extra holes (p-type) respectively, although these materials are electrically neutral. 
When light with sufficiently high energy strikes a cell, the electrons of the material 
are broken loose from their structure. The minimum energy required to free an 
electron from its structure is called the 'band gap'2 of the material. Under the 
influence of the internal electric field the electrons (negatively charged) move 
towards the n-type layer and the holes that they leave behind move to the p-type layer 
creating a charge imbalance. 
A current will flow continually between the two layers, by placing contacts to Join the 
layers together via an external circuit, seeking to re-establish equilibrium as long as 
light is shining. It is from this action that a PV cell can be tapped as a power source. 
The contacts are applied covering the whole rear surface of the cells which is not 
facing the sun. Fingers of contact are used to form a network on the front of the cell, 
because there is a trade-off between good electrical contact (covering as much of the 
surface as possible) and reducing shading from the sun (minimising contact cover). 
The sun's energy is carried as photons, particles of light, of different 
wavelengths/energy3 . 
This distribution of photons throughout the spectrum is one of 
the greatest limiting factors in PV technology (Green, 1982). Under mono-chromatic 
light (single colour /wavelength) a typical PV cell might be able to convert o-vcr 600o 
of the light to electricity, but under the multicoloured solar spectrum the same cell is 
typically able to convert a much smaller fraction of the light energy to electricity. 
2 Photons with more energy than the 'band gap' of the matenal are absorbed hý the semi conductive 
material and are used to free electrons, the rest pass through and are not used. 
I Which is xvli\- sunlight is a spectrum of colour, 
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This is because the solar spectrum is inefficiently used in PV cells. Some photons 
will not have enough energy to move electrons from their structure in a semi- 
conductive material (photons with energy lower than the 'band gap' of the material). 
For those photons with enough energy, there is no discrimination, they are all treated 
as if they have only enough energy to free an electron. This means that loxv band gap 
materials absorb almost all the photons in the spectrum but use them poorly as they 
are all treated as low energy photons whereas high band-gap materials absorb a 
smaller amount of the spectrum's high energy photons. Depending on the light 
conditions and the material used in a PV cell, between 25-75% percent of the photons 
in the spectrum can free electrons. Energy losses inside and outside the cell further 
reduce the conversion efficiency to between 10 and -330%' (Green 1982). 
The electric current which is generated by a cell is determined by the number of 
electrons and holes that get separated by the electric field and is proportional to the 
absorbed portion of the sunlight. This means that it increases as semiconductors Nvith 
lower band gaps are chosen for the solar cell. The magnitude of the current output 
from a cell also varies directly with solar radiation and the area of the cell. By 
connecting cells or modules in parallel the current can be increased. 
The voltage is related to the strength of the field which is proportional to the 
magnitude of the band gap and decreases with lower band gap materials. It therefore 
varies depending on the type of material used (e. g. silicon produces a ýoltage of 
around 0.5 V). Modules and arrays can be designed to operate at almost any ý, oltage 
by connecting cells and modules in series (Weatherby 1998). 
, e. Increasing The power generated by a cell is the product of the current and the volta,, 
the band gap increases the voltage but decreases the current as it absorbs less of the 
spectrum. Because of this trade off between current and voltage there is an optimum 
band L,,, ap for serni-conductive materials. Band gaps betNveen I and 1.8 electron \olts 
(eV) are suitable for maximurn potential efficiency. The optimum is around 1.4 eV, 
which maximises power output (Carlson and Wagnar, 1993). 
Depending on the type of cell. 
. 
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Strings of cells are connected together in matrices and are encapsulated either 
between two layers of glass or between a layer of glass on the front and another 
weatherproof material on the back, to protect the cells from damage or weathenng. In 
this form they have become a 'module". 
The performance of a cell or module is measured bv the efficieiic% xvith which it 
converts sunlight into electricity. The efficiency of PV technologies is calculated as 
the percentage of the amount of power (light shining on the cell, module measured in 
watts per metre squared - W/M2 ) that is converted to electricity and supplied from the 
cell/module. This is determined by calculating the maximum output obtainable from 
the cell/module under given irradiance and temperature. 
The efficiency of modules and cells is usually measured under 'standard test 
conditions' in order to allow performance comparisons to be made. Standard test 
conditions are a temperature of 25 T with 1000 W/m 2 of light shining on it. The 
standard sunlight distribution to which measurements are referenced is the AM 1.5 (air 
mass) distribution 5. The power output achieved under these conditions is termed the 
peak power Output, 6 of the cell or module (measured as kilowatt peak (kWp) or peak 
2 
watts (Wp)) and the size of systems is typically given in such measurements or in M 
of module area. For example if modules are 13% efficient, each m2 of module will 
produce 130 Wp of power under standard test conditions which implies that each 
kWp of system is approximately 7.7M2 in size (I kWp / 130Wp). 
2.3 Photovoltaic Systems. 
A PV module on its own is not very useful at providing electricity but needs to form 
part of a system with other components that interface between the module and the 
load it is intended to supply. The other components that make up a PV system are 
5 This air mass factor accounts for the fact that sunlight does not shine vertically downxýards onto the 
cells but travels through the atmosphere at an angle, 
6Therefore the peak power output is the output of a cell or module that is operatinLy at its Maximum 
power point under standard test conditions. 
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called the 'balance of system' (BOS) components. These include the support 
structures, cabling and inverters etc.. As shown in Chapter 3 PV modules are ticing 
applied in a variety of applications,, therefore PV systems can take a varlevy of forms 
which will have an impact on the costs of the system. This section proý, -ides a detailed 
description of a typical gnid connected system as this dissertation focuses on grid 
connected PV systems. 
Individual PV systems vary considerably even within the gr-id connected category. 
Because PVs are still in their infancy and most systems are demonstration svstems, no 
(standard' systems have yet been clearly identified and each energy facility has soime 
unique aspects. Despite these differences a grid connected PV system does always 
include: the array of modules, a support structure, wiring and cabling (connecting the 
modules to each other and to the other components of the system), an inverter, 
metering and connection to the grid. The connection of all the components that make 
up a typical grid connected PV system is illustrated in Figure 2-2 below and is 
described in detail in the following sub-sections. Factors such as site preparation and 
installation, project management and design are also required to bring any system into 
7 
existence 
Figure 2-2: Diagram of Grid Connected PV System Components and their Connection. 
PV Array Inverter LY AII 
Support 1 
-]4 Connection Structure 
Fý 
Metering ----* to the Grid 
Electrical =Load 
2.3.1 Inverter. 
The inverter or poN%,, er conditioning unit (PCU) provides a variety of functions but Is 
the main piece of equipment that enables a PV array to proN 1de usable poNNer to a load 
See Green (I Q82), Weatherby (1998) or Sick & Erge ( 1996) for more dctailed explanation about 
systems and their components. 
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or the grid. Its primary function is to convert electricity from direct current (DC), 
which is how the electricity is produced from the cells, to alternating current (AC) to 
enable the electricity produced to be used by a local load or to supply the local grid 
(both of which are typically AC). For large PV systems, inverters are usualk. 
manufactured specifically for the project. Inverters also provide the functions of 
power conditioning, control and protection of the system and maximum poNN'er point 
tracking (MPPT). 
Power Conditioning. 
Power conditioning is necessary to ensure that the AC output of the PV system is at 
the correct voltage and frequency for the grid to which it is connected. 
Control and Protection. 
Control and protection functions ensure that the grid steps in as back up when it is 
needed, cut out the PV supply to the grid if the rest of the grid fails, protect the system 
from over-voltage - from lightning strike on the array for example - and basically 
perform automatic switching on and off functions8. 
Allaximum PowerPoint Tracking. 
Maximurn Power Point Tracking (MPPT) ensures that the maximum power 
obtainable from the modules is utilised. The current produced by a module/system 
depends directly on the solar irradiance but the voltage also depends on cell 
temperature therefore the maximum power point (NWP) changes with irradiance and 
temperature. Current and voltage both depend on the electrical load connected to the 
cell or module, so by changing the voltage of the load the MPP can be maintained for 
the cell or module. The inverter performs this task by adjusting the voltage It is 
operating at ensuring that the array is kept operating at its MPP, and so obtaining the 
maximum power from the system. Inverters therefore typically search for the MPP 
e\ýerv 1-3 minutes 9 (Weatherby, 1998). 
8 To protect workers on the gnd or the PV system itself from surges in electriclo" 
ý) According to Weatherby (1998) most NIPPTs are microprocessor based and so are incorporated into 
the im erter. 
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Inverters cannot transform the electncity with 100% efficiency, but have efficiencies 
typically over 90%. This drops significantly when the power supplied to it drops 
below 20% of its rated output. As inverters have become smaller, AC modules have 
recently been developed whereby each module has a small inverter on its rear side. 
Each module produces AC power directly With no need for centralised imerlers. 
Such modules are currently at an early stage of application and so are not considered 
further in this dissertation. 
2.3.2 Wiring and Other Electronics. 
The different components of a PV system have to be joined together by wiring. 
Modules are wired together in strings that are in turn connected together at junction 
boxes which feed into the inverters. The inverters are then connected to the meter 
from which connection is made to the grid. 
2.3.3 Support Structure. 
A support structure can tilt PV modules towards the sun for optimal performance. A 
central PV plant has modules that are usually connected to metal support frameslo, 
which in turn are securely fixed to the ground and therefore require foundations. 
Building integrated PV (BiPV) systems, or systems installed on other structures, have 
modules that are attached to the building and hence notable material savings on 
foundations and major structural support elements are made. A notable application of 
this principle is the new system on the Munich Trade Fair Centre which used vcry 
little extra material in clamping the modules to ribs on the roof I 1(Cunow et. al., 
1998). However, this may mean that the panels are not optimally tilted or orientated 
so that the system outputs are typically lower for BiPV systems than for ground 
mounted PV plants that can be optimally orientated and tilted. 
10 Usually steel or alumiruum. 
11 Further matenal savings are made ý, ý-hen modules are actually integrated into the building fabnc and 
perform a Aeather protection function, replacing materials that would otherwise have been in place 
This aspect is considered in much more detail in Chapter 6. 
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2.3.4 Metering and Grid Connection. 
Grid connected systems need metering to record how much electricit\ is being 
exported to the grid. This can be achieved with 2-way meters which run backwards 
so that the building owner only pays for electricity net of what they supply to the grid. 
In many circumstances however, the utility does not pay PV producers the same ratc 
for the electricity exported by the PV system as is charged for consumption of 
electricity from the grid and hence a separate meter is needed. Grid connection is not 
cheap and can be more expensive for central PV plants that may be some distance 
from the grid and therefore require line extensions as opposed to building mounted or 
integrated systems which are typically close to the gnid or alreadý' connected to it. 
Grid connection is a fixed cost in the sense that it does not change with system size. 
It is therefore a more important cost component of small systems. 
2.3.5 Project Management, design and installation. 
Most systems installed in recent years have been demonstration projects, many are 
specially designed and often demonstrate new features. The costs of design, project 
management and installation have therefore been substantial and are expected to fall 
as systems become more standardised. Installation of systems typically requires the 
use of heavy machinery. For central PV plants on 'green field' sites, access roads 
may need to be built to support the machinery and fences will be needed to prevent 
the valuable modules from being stolen once the system is in place. PVs applied to 
buildings need cranes to lift modules to the roof or high parts of facades. 
2.3.6 Operation and Maintenance 
The arrays need very little operation and maintenance. Carlson (1992) claims that the 
large scale centrallsed plant on Carissa Plains had operation and maintenance costs of 
only $ 0.001/kWh. This low cost is due in part to the huge scale of this plant. 
Operation and maintenance costs for smaller systems are likely to represent a larger 
share of total costs. Concentrating on large scale application of PVs. operation and 
maintenance costs are not included in this study. 
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2.3.7 System Performance. 
System size is measured in kWp or m2. For example the system installed on the roof 
of the Munich Trade Fair Building is 1016 kWp (I MWp) or 7916 M2 in size. The 
output of that system is expected to be 1,000,000 kWh per year. ýý-hlch Is equivalent 
to 984 kWh/kWp per year. It would have produced 8760 kWh, kWp per year if it 
produced power at its peak rated output (maximum peak power output) continually 
over a year. It is only expected to produce 11.2 % of this and this percentage is the 
systems 'load factorl. The 'load factor' is the product of the 'climatic capacity 
factor' and the 'performance ratio' of the system and when it is multiplied bN. the 
maximum peak power output of the system over a year it gives the expected output of 
the system over a year. 
Equation 2-1: Calculating the Expected Output of a System. 
QT "": QNIAX(CCF. PR) 
W here: 
QT : ": Output in year T 
QMAX ý Maximum output of the system over a year 
CCF = Climatic capacity factor 
PR= Performance Ratio 
The climatic capacity factor takes into account that the amount of energy produced by 
a given system Will depend on its location and the insolation received there. To 
operate at peak output for the whole year a PV system would have to receive 1000 
W/m 2 continually 24 hours a day 365 days of the year amounting to 8760 kWh in I per 
year. Modules do not operate at test conditions continuously when out on site 
because the insolation level is not constant at 1000W, ý, M2. In very cloudy weather 
insolation can fall to I OOW/M2 even at mid-day (DG XVII 1993) and obviously at 
night insolation drops to 0. 
A module would receive 8760 kWh/M2 of insolation. if it received the amount of solar 
radiation that it is tested under continually over a year (8760 hours in a \car 
multiplied by I NOW mA site that receives 8760 kWh m of insolation annually 
would have a climatic capacitV factor of 1000o, ho\ve\cr, due to the diurnal and 
seasonal fluctuations and local weather conditions insolation is significantly loýý-er 
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than this. The sunniest parts of the planet receive only around 2500 kWh, m2 per year 
(parts of California for example) or 28.5% of the 8760 kNVh/M2 mentioned above 
(Green, 1982). This percentage is a measure of the climatic capacity factor. For 
example a system that receives 1000 kýWM2 /year of insolation has a climatic 
capacity factor of 11.4% (= 1000/8760). 
The actual output of a system is reduced further due to a number of other factors that 
will be discussed below. These are grouped together and measured bN, the 
(. performance ratio' which measures the productive ability of a system given the solar 
resource it receives. Pearsall (1996) describes the 'performance ratio' as a measure 
of the system output compared with that of an ideal system of the same capacity. 
Factors that affect the performance ratio include. 
Temperature. 
The operating temperature of the modules affects their efficiency. Crystalline 
modules lose about 0.3-0.5 percentage points of efficiency per OC above the 
temperature at which the module was rated (25 "C), i-nodules are typically 20 T 
above air temperature. Systems therefore often have their most productive hours in 
winter or spring months on cloudless days with low temperatures (Wheldon, 1998). 
Voltage Mismatch. 
Slight voltage mismatches between modules results in losses. The system output will 
be reduced to the lowest module if modules are producing different voltages. The 
surplus energy from the more productive modules will be lost as heat within the 
modules. This can cause considerable losses in systems mounted on buildings XNhere 
modules at the bottom of a building, not exposed to as much of the sky, do not receIVe 
as much diffuse solar radiation as modules at the top. This may cause indMdual 
strings (modules joined together in one series) not to be at maximum power point and 
because of the non-uniformity output is lost. 
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ResiStance in Cables. 
Resistance in cables, losses in wiring and across diodes reduces the output of the 
system. This is especially true if modules are spread out over long distances and 
cable runs are long. 
h7ouling. 
Fouling with dust, snow, ice and other effects can also reduce performance of the 
system. 
Reflection. 
Even with anti-reflective coatings on the cells some of the solar radiation ývill still be 
reflected and will vary With the angle of the sun. 
Angle of'Tilt. 
Most PV systems are fixed (don't follow the sun) and are not always optimally tilted. 
For example building integrated PV (BiPV) systems on walls are often vertically 
positioned and this typically reduces output by 30% when compared to panels that are 
ideally tilted (Trainer, 1995). 
Ot-lentation. 
The PV system may not be able to be optimally orientated. For example a vertical 
solar facade facing due East or West would generate about 50% of the output of a 
facade facing due south. (Greenpeace, 1995) 
Svsiem Availability. 
PV cells have high reliability They have been used to power nearly every satellite 
circling the earth because they operate reliably for long periods of time mth no 
maintenance. The electrical system into which terrestrial systems feed, howc\ er, 
often need to be worked on and the cells are disconnected for safety. This 
has the 
effect of reducing the availability of PV systems to around 95ý o (ETSU. 1994a). 
I, lverI'r L'//Ick'nL'. 
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In the DC/AC Inverter, losses in converting DC to AC electricit-\, for use in 
conventional electric circuits occurs. However, as mentioned before, itiverter 
efficiencies average over 90%. The efficiency of inverters is relative to the load theý 
are inverting and deteriorates as load decreases. If the power level drops below a 
critical level, the inverter disconnects but the system will still be receiving light. 
During intervals of low insolation the PV power level may be so low that it doesn't 
exceed the working threshold of the inverter Winter performance ratios are loxNer 
due to this effect. 
Maximum power point tracking. 
If there is a rapid change in conditions, the inverter can not change quickly enough. 
The inverter is therefore not always operating at maximum power point which results 
in a couple of percentage points loss in efficiency. 
Typically, all these effects combined reduce the output from the system by around 15- 
35%, or even higher in some circumstances. For example, according to Pearsall 
(1996) in 1995 the performance ratio of the 40 kWp system at the University of 
Northumbria, Newcastle had a performance ratio of 61%. This means around 40'o of 
the energy the system would have produced, had it been operating perfectly, was lost 
due to the factors listed above. Significant losses occur on this system due to shading 
as it is situated in a built up area with surrounding buildings casting shadows on the 
system at certain times of day and year. According to Pearsall (1996) a performance 
ratio of 80% is a good level to achieve, although system efficiencies as high as 85% 
have been recorded for PV systems (ETSU', 1994a and Menna, 1996). 
2.4 Crystalline Silicon Technologies. 
PV modules can be produced in a variety of ways using different materials and 
processes in their manufacture. In the next few sections these sub-technologles NN III be 
outlined in detail. Module production can currently be divided into two main groups, 
traditional crystalline silicon (x-Si) materials and thin films. The characteristics of 
the most prominent PV technologies are briefly discussed. 
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X-Si technologies are the most commonly used material for PVs. In its cnstalline 
form, silicon has good electronic properties enabling cells of high efficiency to be 
formed. It also has the advantage of being an abundant material. 
2.4.1 Mono-Crystalline Silicon. 
Mono-crystalline silicon (m-SO cells are described by Vikkelso (1993) as 'the 
backbone of professional applications today' and are the most xN, -Idelv used and 
reliable PV technology with a proven 30 year outdoor life. It is still the material of 
choice for high performance and highly reliable solar cells (Bruton, 1996 and 1998). 
Mono-crystal line silicon (m-SI) cells, as their name suggests, are manufactured by 
producing large single crystal ingots from molten silicon 12 sliced into wafers which 
are used to form cells. The single crystal which results has a good electronic structure 
which, combined with the fact that crystalline silicon (x-SI) has a band gap of 1.1 eV, 
makes it a suitable PV material. The crystalline structure means that m-SI cells have 
high efficiencies but unfortunately they are also expensive relative to other 
technologies partly because they are not very suitable for mass production and are 
complex to produce. BP Solar maintain that the efficiency advantage of mono- 
crystalline cells outweighs their expensive cost, making them overall more economic 
at present (Scott, 1996). The advancement of other technologies may change this 
situation in the near future. These technologies are described in detail in later 
sections of this chapter. 
Laboratory module efficiencies of over 20% have been attained (24.4% for a4 cm 
2 
2 
CM I indi,, 'idual cell and 23% for a 90 module according to Green, Zhao and Wang, 
1998) but commercial modules are in the 12-16% range (Tillman, 1995, Kelly, 1993, 
and Derrick et. al., 1993). M-Si is estimated to have a theoretical limit of 29-33% 
efficiency which indicates that efficiency improvements are likely in the future (Sick 
and Fn,, e, 1996, and KelIN,, 1993). 
'-' Most commonly by the Czochralski process which is desenbed later. 
48 
Chapter 2: Context - The Photovoltaics Technology. 
M-Si technology has the advantage of being a relative]y mature technology when 
compared to other PV technologies. The technology is well established because a 
fundamental knowledge base is already in place and reliability is proven. This gyi,, cs 
it a current advantage and makes it a low risk technolo(-j,,,, increasing its application 
over other alternatives. However, to absorb sufficient sunlight, silicon cells must be 
relatively thick and the silicon must be of a high quality, in terms of purity and 
structural perfection. It is these factors combined which add to costs. This situation 
is not helped by the fact that m-SI is not suitable for mass production (Green, Zhao 
and Wang, 1998). 
2.4.2 Polyerystalline Silicon. 
Polycrystalline silicon (p-SO cells are produced without the expens] . ve and energoý, 
intensive single crystal growth process. Molten silicon is, instead, cast directIN' into 
ingots that are then sliced into wafers for cells. This is a cheaper process and more 
suitable for mass production but the silicon wafers produced are of lower quality and 
therefore have poorer performance efficiencies. Field experience of commercial 
modules suggests that efficiency is in the 10-14% range (Scott, 1996 and Kyocera, 
1998). Experimental cells have reached efficiencies of 19.81o and modules 15.30o 13 
(Green, Zhao and Wang, 1998, and Wheldon, 1998). This efficiencN, is loxýer than for 
m-Si cells due to the p-Si grains being randomly orientated, giving them poorer 
electronic properties. 
The potential for p-SI material to exceed the performance of m-Si on a commercial 
scale, due to more straight forward customisation of p-SI approaches for cell 
manufacture, is believed to be high (Green, Zhao and Wang 1998). 
2.4.3 The Manufacture of Crystalline Silicon Photovoltaic Panels. 
Because p-SI and rn-Si modules are the technologies that are assessed in detail in thi, ý 
dissertation this section describes in detail the processes invoked in the manufacture 
13 Vanous new approaches have been tned to improve polycrystalline silicon's performance These 
include incorporating atomic hydrogen into polycrystalline silicon, thereby reducing the electronic 
activity of the grain boundanes and defects Nolliri the gram and so 
boosting performance and incicaý, irig, 
the cells efficieno- 
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of m-SI and p-Si PV panels. The process of manufacture is complicated and the 
following pages will give an insight into this and provide information that will be 
referred to in justifying the results presented in later chapters. The manufacturing 
techniques described below, although sometimes slightly different for indix. -idual 
firms, are common to the industry in general for the manufacture of m-Si and p-Si 
modules -a fact which is evident when literature on such module manufacture is 
considered (Bruton, 1998, EPIA, 1995 and Green, 1982). 
Figure 2-3 shows the basic process chain for producing crYstalline silicon modules. 
The basic chain of events in manufactunng PV modules from raw materials is as 
follows. First, quartz (SI02) is reduced and purified to highly pure silicon, which is 
then cast or grown into ingots (blocks) and then sliced into wafers. These wafers are 
turned into cells capable of producing electricity and these are finally joined together 
and encapsulated into a module. 
This simple description is shown in more detail in Figure 2-4. This shows that the m- 
SI and p-SI module manufacturing processes are similar for the majority of the stages 
differing only for the crystal growth phase (the fundamental difference between the 2 
technologies). The stages of manufacture for p-SI and m-Si modules will therefore be 
discussed in parallel with a separate description at the points where they differ. The 5 
main parts of the process chain shown in Figure 2-3 and elaborated in Figure 2-4 are 
each described below. 
Figure 2-3: Process Diagram for Crystalline Silicon Modules. 
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Figure 2-4: Detailed process chain diagram of crystalline silicon module manufacture. 
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High Purity Silicon. 
The main feedstock for the manufacture of crystalline silicon wafers in the PV 
industry is called electronic grade (EG) silicon. This section describes the 
manufacture of EG-Silicon from quartz via the intermediate stage of metallurgical 
grade (MG) silicon. 
Metallurgical Grade Silicon. 
Metallurgical grade silicon is the main starting point for crystalline silicon PV module 
manufacture, but it is not used exclusively for PV production. In fact it is produced in 
quantities of the order of 500,000 to 1,000 000 tonnes per annum globall'y (Bruton 
1998, Green 1982 and Frischknecht et. al. 1994) for use in the steel, aluminium alloy., 
silicone and semi-conductor electronics manufacturing industries. Currently only a 
fraction of this is used to manufacture PV modules. 
MG silicon is made in an electric furnace. It is a mixture predominantIv formed of 
silicon dioxideS102 (a major constituent of sand in its crystalline form quartz), coal, 
charcoal and wood chips heated to approximately 3000 T to reduce the quartz to 
silicon. The molten silicon has oxygen blown over it (at around 1500 "Q, to remove 
calcium and alummium pollutants and purify it further. The resulting silicon (ýý'hich 
is over 98% pure) is then solidified and crushed to a powder (I III] et. al., 1995 and 
Green, 1982). 
h7ccfronic Gradc Silicon. 
MG-Silicon still needs to be purified further for PV use. The most common process 
used today is the 'Siemens' process which produces electronics grade silicon (EG- 
silicon) - for use in the electronics industry - and needs to 
be ýery pure of the order of 
less than one part per million of impurity. Silicon for use in PV onlv needs a puritý of 
I part to 10,000 so this over purification is not necessary. Siemens, Bayer, Wacker, 
Agip/Eurosolare, Photowatt, Elkern have all made efforts to set up pilot plants for 
Silicon of sufficient quality for PV use (so-called Solar Grade (SG) silicon) xýhich is 
not as encrov intensi%e and therefore not as cxpensi\c to inak-c as FG silicon. t% 
Industrial plants for SG silicon manufacture would requIrc a lot Of inivestment and 
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would need a minimum production of 1000 tonnes, year to make them viable. As this 
is equivalent to 45 to 65 MWp of PVI' a single plant would be able to supply a large 
proportion of the current world market. To date no manufacturer has developed solar 
grade production of silicon on a commercial level (Bruton, 1998). 
MG silicon costs 0.6-f 1.30/kg whereas EG silicon costs around f 23-3 1 ikg which is 
too expensive for the PV industry. Therefore, at present the silicon feedstock used in 
the PV industry comes from the semiconductor industry as off-specification EG 
silicon scraps in the form of heads and tails of Czochralski 15 ingots and off-cuts and 
other waste from working cycles. The total sales for PVs in 1997 amounted to 127 
MWp which implies the use of 2000-2700 tonnes of off-specification silicon. EG 
silicon is produced in quantities of 11000-16000 tonnes annually (EPIA, 1995 and 
Bruton, 1998) and 10% is estimated as being available to the PV industry. 
This means that an imbalance has developed between supply and demand and in some 
instances full specification EG silicon is being used. Supply of the off-specification 
EG silicon should increase by 5% annually, which in no way matches the expected 
demand from the PV industry (with at least 15% per annum growth in the industr-y 
expected in the foreseeable future). The price of this off-specification silicon has 
risen from 046.50 /kg five years ago to f 13-20 /kg now (Bruton, 1998) which is an 
indication of the shortage of supply. In comparison, solar grade (SG) silicon is 
estimated to cost f9-14 /kg. Hence it should not be long before SG silicon is 
available. Since current PV production uses EG silicon, the processes considered 
here are for the production of EG silicon. 
First, the MG silicon powder is reacted with hydrochloric acid at room temperature to 
produce tri chlorosi lane. This is then subjected to multiple fractional distillation, 
6, 
combined with hydrogen, and then exposed to electrically heated silicon rods. The 
ultra pure silicon deposits in polycrystalline form, a process reaching temperatures of 
14 Assuming 16-22 ko of silicon are required per MWp (EPIA, 1995 and Bruton, 1998). ZI 
15 See section on m-Si ingots on the following page. 
16Nlultlple steps of evaporation and condensation. 
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1000 T. This process is described by Bruton (1998) as a 'highh, endother"11c 
reaction' requiring a lot of electrical energy (in the region of 400 kWh of electric1tv 
per kg of EG silicon produced) to keep it going. At the end of this process metallic 
impurities are of the order of I ppb. The energy intensity of the process is 
compounded by the complexity of the string of processes used to manufacture EG- 
Silicon from raw materials which also have a very low overall material vield (Green 
1982). 
Crystalline Silicon Ingot Manufacture. 
It is in the stage of turning EG silicon into bars of silicon (ingots), ready to be sliced 
into wafers, that the two crystalline silicon technologies (p-S] and m-SO are different. 
This section of the manufacturing processes will therefore be explained separately for 
the two technologies. The next two subsections will look at m-Si and p-Si in turn and 
describe the processes of silicon doping, ingot growth and sawing into bars ready for 
wafering. 
A46no-crystalline Silicon Ingots. 
Mono-crystalline silicon ingots are made via the Czochralski crystal growth process 
named after the person who first invented it (Green 1982). EG silicon is broken into 
pieces and is melted under an atmosphere of argon an inert gas in a synthesised 
amorphous quartz crucible where a small quantity of silicon strongly doped with 
boron is added to make the silicon a p-type. A m-Si column (boule) is pulled from 
the molten EG silicon by placing a crystal seed in it and drawing it slowly with 
closely controlled and adjusted temperatures. This crystallisation also has a cleaning 
effect drawing only the purest silicon from the melt leaving a concentration of 
pollutants in the melt. The remaining molten silicon cannot be re-used but can be 
recycled to the previous stage. The temperature of this process reaches 1400 T and 
takes in the order of 36 hours for a 60 kg boule. The equipment is cleaned after each 
crystal pull and the quartz crucible is replaced as it is destroyed in the process. 
A disadN antage of the Czochralski process is that the cylindrical boules then ha\ c the 
tops and tails rernmed and the sawed surfaces sanded. The edges of the cylinder are 
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cut on four sides to make a pseudo square cross-sectioned column (paralielipid). 
These cut-offs can be re-used in this process stage, but the geometrical vield of (-Yrown 
ingot to waferable bar is typically only around 66% (EPIA, 1995). 
Polycrystalline Silicon Ingot. 
Polycrystalline silicon ingot manufacture is much simpler. The silicon is melted 
under an argon (inert gas) atmosphere and is poured into re-usable rectangular 
graphite containers (moulds) and is again doped with boron. The block is cooled 
(solidified) in a controlled manner from the bottom upwards so that the performance- 
reducing 'grain-boundaries' in the crystal structure are minimised and the crystals 
grow consistently in the same direction (directional solidification) producing a 
columnar crystal structure. This takes in the order of 30-55 hours. 
The processes for p-Si and m-Si ingot growth take a similar amount of time but the p- 
S1 process typically produces a much bigger Ingot. The ingot Is then band-sawed into 
columns with cross sections of 10 x 10 cm, cutting off the contaminated layers that 
were touching the graphite mould, to a depth of 1.5 cm or deeper at the comers 
(EPIA, 1995). Therefore from a single 150 kg ingot, I IL 8 kg of bar is useful for 
cutting into wafers giving a geometrical yield of solidified ingot to waferable bar of 
74%. The contaminated silicon that is cut off cannot presently be re-used and a 
significant proportion is therefore wasted. Hence, according to Frischknecht et. al. 
( 1994), the manufacture of I p-S1 wafer uses more EG si I icon than I m-SI wafer. 
Wafer Manufacturing. 
Frorn this stage onwards the production of m-Si and p-Si modules is again assumed to 
be identical. Wafer manufacturing involves two processes, sawing the ingots into 
wafers and then chemically etching the wafers to remove the damaged surfaccs 
caused by the sawing process. 
II ý*rSuwing. 
Wafer SaNving, is performed using Multi Wire Slurry (MWS) saws that are 180 pm 
thick. These saws slice the ingots 4 at a time, usual], v to 350 pm thick disks or wafers 
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weighing around 8g. For every wafer cut 550-580 ýirn thickness of the ingot is used, 
as 200-230 ptm is lost as sawdust (around 4.57 g/wafer). The sawing process uses a 
silicon carbide and mineral oil slurry to keep the wire saws cool. The slurry and 
silicon sawdust is disposed of as waste and cannot currently be re-used. The material 
yield is only 50-60%. As a result the value of the wafer is notably higher than the EG- 
silicon from which it was produced. This low yield and the fact that the saws need 
frequent maintenance and cleaning is a weak link in the cost performance of module 
manufacture in both economic and energy terms (EPIA, 1995). The resulting wafers 
are assumed in this study to be around 100 CM2 although larger wafers are being 
produced. 
Wafer Etehing. 
Wafer etching is used to remove the surface of the wafers, which is damaged by the 
sawing process and also contaminated with impurities from the oil slurry. The wafers 
are chemically etched by dipping them in an alkaline solution and then neutrallsed by 
means of hydrochloric acid. These processes are also used to produce surface 
texturisation resulting in a surface suitable for the cell manufacturing processes. They 
are then rinsed in de-ionised water and spun dried. Imperfect wafers are discarded 
17 
and the rest are packed into 'hurdles' . 
Cell Manufacturing. 
The silicon wafers need to be turned into cells to make a unit capable of producing 
electricity. This involves creating a p-n junction within the wafer and providing an 
external circuit of contacts to allow the electricity to flow out from the wafer. The 
processes involved in this transfori-nation of a wafer into a cell are described in 6 
stages below. 
17 Cartons designed for holding the wafers. 
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Phosphoruý Diffuvion. 
First, to form a p-n junction within the wafer, n-type impurities are diffused into one 
side of the p-type wafer, in a controlled manner, by a high temperature impuntv 
diffusion process (Green, 1982). Phosphorus is the impurity generally used as it is an 
electron donor and leads to a negatively doped layer by outweighing the positive 
charging effect of boron in the silicon. The rear surface, which does not need to be 
doped, is usually masked with quartz powder 18 This phosphorus diffusion takes 
place in an oven at 800-900 OC using phosphine (PH3), oxygen and nitrogen. This 
results in the front surface of the wafer being covered with a laver of phosphorus 
pentaoxide forming a phosphor-us silica glass surface on the wafer. Phosphorus atoms 
diffuse from this silica glass 0.3-0.5 ýtm into the wafer outweighing the boron doping 
to give a thin, heavily doped n-type region which forms a p-n junction (Green, 1982). 
Oxide Removal. 
The phosphorus silica glass which forms during the phosphorus diffusion process is 
an obstacle to applying metal contacts to the cell. It Is therefore removed, together 
with the quartz powder on the rear, in an etching bath of hydrofluoric acid and 
ammonium fluoride. The wafers are then rinsed in de-ionised water and dried. 
E'dge E'Iching by Plasma. 
At the edges of the wafer the phosphorus diffusion goes right through the wafer. This 
prevents the wafers from being capable of producing electricity because it would 
short circuit the cell. The edges of the wafer are etched away by a plasma process 
insulating the front 'n-type' region from the back 'p-type' region. 
Sllk, ý; (--reen Printing of Contacts. 
Metal contacts are then applied to provide an external circuit connecting the front and 
rear surfaces of the wafer to allow an electric current to floNN. Silk screen printing is 
used to coý'er the whole rear surface of the wafer, as light will only shine on the front 
surface. A complete cover-ing of contact paste made from silNer, titanium or 
" In some manufactunng plants the whole wafer is doped NOh phosphonis which then 
has to be 
removed from the rear surface in a later process. 
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palladium (dried on in a furnace) improves the conduction of electricit-Y away from 
the cell 19. The same compounds are screen printed onto the front of the cell covering 
the surface with a net like pattern, therefore allowing light to pass between the 
contacts. The wafers are then sintered in a furnace under a nitrogenbxNgen 
atmosphere at 650-800 T so that the paste fuses With the wafer for good contact. 
Aluminium atoms in the rear contact also dope this side of the wafer more posak-ely 
as aluminium is an electron acceptor (Green, 1982). 
Anil-rqfleclive coating. 
An anti-reflective coating (approximately 0.08 pm thickness) of zinc sulphide or 
titanium dioxide is coated on the wafer by chemical vapour deposition (CVD) at 150 
"C which reduces reflection losses from 30% to below 5% (Green 1982). 
Cell Tesling and Sorling. 
The cell with the lowest performance governs the output of a module. The resulting 
cells are therefore measured for their electric performance using a solar simulator and 
divided into efficiency classes. This enables modules to be made with cells of the 
same efficiency avoiding reduced module power due to electric mismatch of cells 
which produces a better output from the modules overal 120 . 
The cells are then cleaned 
by dipping them in a hydrofluoric acid and citric acid bath and rinsed with de- 
minerallsed water. 
Module Manufacture. 
I 'ach cell has an output typically of a few watts. To make a product that can produce 
a useful amount of electricity suitable for many applications the cells have to be 
joined together in strings. The cells are also fragile and so need to be encapsulated 
and framed to protect them from the elements and make them easier to handle %ýhlch 
results in a robust and manageable module. 
IQ In this dissertation it is assumed to be silver based. 
20 Cells belo\% a minimum acceptable efficiency are discarded. 
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Tabbing and CellNtring Preparation. 
A contact bar, typically of nickel plated copper is applied to the front and of the cells. 
connecting the front of one cell to the back of the successi\e cell, by solderiniy in a 
matrix usually of 36 cells (4 by 9). At current production scales this is typi I cally a 
manual, labour-intensive operation (EPIA, 1995). 
Lamination. 
The cell matrices are then sandwiched between two layers of ethyl x-inyl acetate 
(EVA), which in turn is sandwiched between either two sheets of low iron toughened 
glass or, alternatively, between a front layer of glass and a back laver of polyester and 
tedlar covering. This 'sandwich" is heated to 90-100 T in a vacuum, pressed and 
taken to 150 OC which causes the EVA sealing material to soften so encapsulating the 
cell array. It releases all gases and polymerises forming a sealed package, perfectlý 
transparent and stable to ultraviolet radiation. The laminate is cleaned along its edges 
to remove any surplus EVA, sealed with epoxy resin/quartz powder and washed. 
Framing. 
There has been a tendency for these laminates to be framed (to make them easier to 
install and handle). This is typically performed manually, usually with anodised 21 
aluminium profiles, to interface between the module and the supporting structure. 
The module is then sealed with silicone rubber 22 . The electric terminals coming out of 
the back of the modules are then collected injunction boxes, which then transmit the 
electricity produced by the panel to the inverter. In recent years the use of laminates, 
frameless modules, has increased because this is cost-saving enabling modules to be 
used as a pane of glass in construction. 
I'C'sling. 
The finished module is then tested for its electrical performance by means of a solar 
simulator. 
,' Anodising is a method of coating objects made of aluminium ý6th a protecti%e oxide film Oscmcs et 
al., 1996). 
Alternativek a high grade steel profile filled \\ ith sealing compound could be used (Green. 1982) 
S9 
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2.4.4 Other Crystalline Silicon Approaches. 
New processes based on ribbon growth are reaching matunty in terms of readiness for 
commercial development. Thin ribbons or tubes of crystalline silicon may be drawn 
directly from molten silicon which would eliminate losses from saxýing and \Nafer 
thickness could be reduced to 50 microns using such methods. This is being looked at 
by Mobil Solar, Siemens, Westinghouse and Astropower (Edelson, 1992 and Ferrazza 
and Margadonna, 1995). 
One of the major challenges that crystalline silicon (x-Si) PVs faces is reducing the tý 
large amounts of silicon needed to make a cell and avoiding the large losses of silicon 
as sawdust slurry. Producing crystalline silicon directly in the form of sheets or 
ribbons addresses this challenge (Edelson, 1992). 
The method basically involves pulling webs of silicon between two 'dendrites', 
resulting in thin sheets of molten silicon which form good crystal lographi c material. 
A minor problem with such thin webs is that they do not absorb as much light, but 
this can be remedied by light-trapping mechanisms, such as reflective layers at the 
back of the cell, to send any unabsorbed light back through the cell. 
2.4.5 Environmental Considerations of Crystalline Silicon Modules. 
Silicon is made from quartz(S]02)which exists in large quantities in the earth 21. it is 
widely available in quartzite or high-grade quartz sand for PV purposes and is a stable 
substance, environmentally benign. In principle a solar cell could remain intact for a 
very long time were it not for relatively sensitive parts like the metal contacts or 
plastic encapsulants (Scott, 1996). 
Silicon causes few environmental problems as waste after use, apart from space in 
landfill, although some of the contact metals used are toxic (Tillman, 1995). Some of 
the chemicals used in the module manufacturing processes pose potential risks to 
workers and persons in the N-Icinity of production facilities. For exai-nple. flydroglen 
Silicon constitutes 2M, 16 of the earth's crust and Is the second most abundant material (Fla,, n and 
Lenssen 11109 
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chloride and phosphorus oxychloride (POC13) are corrosive acids; chlorosilanes, used 
A of explosion! p and 
in processing i in refining silicon, have a r] II it, strong chlorme- 
containing compounds are used. 
In terms of resource depletion, the use of silver in the contacts is of concern. Only 
10,, 000 tonnes of silver are produced globally per year. Large scale production of PV 
modules could have implications in terms of scarcity of silver, howeNer silver does 
not have to be used for the contacts (Remy and Durand, 1992). The environmental 
implications of m-Si and p-Si modules are addressed in detail in Chapter 5. 
2.5 Thin Films. 
Thin films are seen as the main alternative to crystalline silicon technologies. They 
are attracting much research and development support and some expect thin films to 
become the dominant PV technology (Zweibel, 1990). This is due to the advantage 
thin films have over p-SI and m-SI modules in terms of being suitable for mass 
production, making them the least expensive cells to make on a large scale. 
Continuous processes in which materials are sprayed or sputtered onto glass or metal 
can be used instead of the costly batch process of single crystal production. 
Depositing thin films onto large area substrates is also much less energy intensive 
than growing the near perfect crystalline silicon wafers at high temperatures. 
Thin layers of only a few microns thick (compared with 300 ýim for crystalline cells) 
allow fast processing and lower unit capital costs. Low cost thin films can be attained 
by adapting every process in production to take advantage of high speed, high 
simplicity and high material utilisation techniques. The front contact is usually a 
transparent conductor of tin or zinc oxide which are both highly transparent yet highly 
conductive. They can be applied directly onto large module sized areas which can 
then be divided into cells using either lasers, chemicals or mechanical stylus 
24 I'h is 
allows low handling costs and avoids the need to xvire cells together, ýNhjch Is time 
consuming, labour intensive and therefore costly. Lavers of different types of 
24 To improve efficiency the large area films must be subdivided into smaller cells i, ach cell is 
electncalIN- isolated from and then reconnected to its neighbour (monolithic integration) 
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semiconductors are often used to form the positive and negative lavers (Ullal, 
Zweibel and Surek, 1990). 
foil-5 A thin film material is coated directly onto substrates such as glass or metal ý and 
therefore only one-hundredth of the material of crystalline cells is needed (Zývelbel 
and Barnett, 1993). This is possible because most thin films are made from materials 
that are about 100 times more effective at absorbing sunlight than crystalline silicon 
(x-SO. According to Zweibel (1990) 50-100 ýtm of crystalline silicon xvill absorb 
about 90 percent of global sunlight 26 . 
The same amount of sunlight can be absorbed 
by only I ýtm of thin film semiconductor. This means lower material costs (a Im2 
area of I micron thickness weighs between 3-6 grams) - although framing and 
mounting materials would also be required. 
Another benefit of thin films is that the light generated electrons and holes are 
produced much closer to the electric field. This means there is a higher probability 
that they will be separated and used to generate power rather than being reabsorbed 
within the material. 
A major disadvantage of thin films is that they are not robust. They have often not 
proven reliability in extended lifetime tests due to not withstanding the temperature 
fluctuation of operation, possibly due to having relatively low temperatures of 
manufacture. Thin films are cheaper than crystalline structures but typically have 
lower efficiencies due to having polycrystalline or amorphous structures which haýe 
lower electronic properties. There is, therefore, a trade off between IoNN' costs and 
efficiency. The bottom line is the cost per watt and many feel that thin films with 
potentially much lower costs will have the edge in the near future. 
25 Glass is the usual substrate for thin films as it is cheap and can \\ ithstand temperatures of 650 'C 
2(, But ci-N, stalline silicon cells are usually at least '100 ýtm thick because the savving proce,, ý, cannot make 
wafers significantly thinner than this without drastically affecting process vields 
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Process yield is a problem. For thin films very narrow process parameters lea\ e little 
margin for error and it has proved difficult to reproduce some technologies on a 
commercial scale. 
Materials such as copper indiurn diselenide (CIS), cadmium telluride (CdTe) and 
amorphous silicon (a-Si) are being used along w1th copper sulphide, zinc phosphIde 
which are being researched. The most promising thin film technologies are a- t, 
CdTe and CIS and some companies are puffing substantial resources into developing 
them (Zweibel and Barnett, 1993) 
2.5.1 Manufacturing Methods for Thin Films. 
Thin films modules from I to 3 micrometers thick can be manufactured rapidly and 
on a large scale using a number of alternative methods (see Zweibel and Barnett, 
1993 for more detail). 
e Chemical vapour deposition - involving evaporation and condensation steps at 
temperatures of 500-600 OC. Such processes enable thin films to be applied at -vvrv 
rapid rates. 
Sputtering -a process where metal atoms are physically knocked off a target so 
that they strike and stick to a desired substrate. It is a familiar technology and is 
widely used for coating glass for example. Sputtering requires a vacuum and 
although capital intensive can be applied on a large scale and rapidly. 
Electrodeposition is a method involving the deposition of material from an 
electrolyte solution during the flow of an electr-ic current. Electrodeposition is a 
slow but relatively inexpensive process and is widely used in industry, for 
example, for chrome plating. 
Spraying is an inexpensive, non-vacuum process that reduces the capital cost ofa 
module. It involves spraying semiconductor materials, suspended in solution, 
depositing them on a substrate. It is highly efficient in terms of use of materials, 
wasti I ing sprayed on mo\ ing ng, only 10% and is also a rapid process capable of be' 
glass substrate at speeds of square metres per minute. Non-\ acuum methods such 
as this havc the potential to halvc costs. 
Dip coating in chemical solutions is another method- commonly used 
for Cadmium 
Sulphide (CdS) deposition and allows verv thin coats to be deposited. 
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9 Screen printing is used by Matsushita for their CdTe Cells. A CdTe containin-o 
paste is drawn over the surface substrate. Sintering -a heat process at over 600 T- 
then drives off the non CdTe material in the paste. 
Rigid modules are encapsulated between two sheets of glass. Altemati\ek the 
encapsulation between a metal foil and a clear plastic enables flexible modules to be 
manufactured. 
2.5.2 Environmental Considerations of Thin Films. 
The exotic materials used as source material for layer deposition can create some 
problems for thin film technologies. Low utilisation rates of the materials (e. g. near 
10%) are typical which magnifies any environmental risks or problems thev create. 
The materials can be captured and re-used but this is not practised yet, mainly 
because the industry is still in its infancy indicating that the environmental impacts of 
these technologies can be reduced with careful consideration (Zweibel and Barnett, 
1993). 
In energy terms, thin film technologies have the potential to use much less energy in 
their manufacture and therefore reduce the associated emissions. According to 
Zweibel (1993) the energy required to manufacture I M20fpV cells is around 1000- 
2000 kWh for x-Si but only 100-300 kWh for thin films due in part to the low 
temperature processes involved relative to m-Si and p-Si module manufacturing 
processes (EPIA, 1995). 
2.5.3 Amorphous Silicon (a-Si). 
Amorphous silicon (a-SO is an alloy of silicon and hydrogen and was introduced as a 
commercial thin film product in 1980. It is finding uses in other electronic 
applications such as photocopiers and laser printers which has helped research and 
development of its application in PVs. Companies involved with research into a-S] 
PV technology include Sharp, Arco Solar and Solarex. Amorphous silicon as its 
name suggests is not crN'stalline but the silicon atoms are arranged randomly as thin 
films, tliev are used primarilý- in consumer products because of their suitability for 
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microwatt applications. The random structure of the cells results in poor electronic 
properties and low efficiencies. 
A major problem with a-SI is that the cell's performance degrades With exposure to 
light. This is called the Staebler-Wronski effect after the people who discovered it. 
Cells can lose up to 20-40% of their initial efficiency due to this effect. Green et. 
al. (1998) claim that a-SI sub-modules can now convert sunlight into electricity xvith 
initial efficiencies of 12% but that after a few months they stabilise at significantly 
below this. Most of the amorphous silicon modules currently on the market ha%c 
stabilised efficiencies between 4-7% (DG XVII 1993, EAB 1994 and Tillman 1995), 
while test cells have reached 12.7% efficiency (Wheldon 1998). 
This degradation can be minimised by making the cells thinner. Light trapping 
schemes such as back reflectors allow thin layers without the loss of light absorption 
and it has also been discovered that heat reverses the degradation effect. Operating 
temperatures are therefore sufficient to repair the minimal degradation that does 
occur because the cells are thinner reducing its overall impact. Proof does not yet 
exist that the degradation is fully controlled in this way but losses can be kept to 20% 
over the lifetime of the cell (Carlson and Wagnar, 1993). 
An advantage of a-Si is that it responds better to blue light which is more energy 
intensive therefore enhancing energy production and like all thin films It Is also aý ery 
good light absorber. A-Si optical absorption spectrum can be changed by slightly 
varying its hydrogen content and it can be changed more by alloying NýIth carbon, 
germanium or tin which is useful for multi-junction cells (see later section). For 
example, alloying with germanium allows a-Si to have an optimal band gap of 1.4 eV 
compared with a direct band gap of 1.75 eV for a-SI on its own. 
A-Si cells are made by a different method to other thin films. The gyloýý discharge 
method, which often incorporates a method of sputtering, is an expensi\e .,, 
Io\v 
vacuum process. Very pure silicon is turned into a very poisonous tyas Silane (Si I 1.1) 
27 
27 Silicon is combined NN ith hydrogen to form Silane as a-Si is not aN ery good conductor oti its own 
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and is introduced to a vacuum chamber at low pressure. Amorphous silicon films 
grow by attachment of reactive fragments (radicals) of silane to the surface of the 
growing film. These radicals can be made by colliding electrons ýýIth silane 
molecules. This is done by thermally dissociating or photodissociating silane or 
disilane or by sputtering silicon atoms off the surface of a silicon electrode in the 
presence of hydrogen 28 . The silicon condenses onto a plate of glass forming, a \-ery 
thin film and as this starts to form, tiny amounts of diborane (BH6) (p-type dopant) 
and phosphine WHO (n-type dopant) compounds are added to the silane to form the p 
and n-type layers around an intrinsic i-type layer29. 
Tin oxide, a transparent contact, is usually used as the front contact and aluminium is 
usually sputtered on as the back contact. 
Environmental Considerations of Amorphous Silicon. 
Several toxic gases (silane, germane, diborane, phosphine) are used in the 
manufacture of a-Si modules and are amongst the most dangerous gases in use today. 
Silane, diborane and phosphine are also explosive. These gases pose a risk to workers 
and persons in the vicinity of production facilities but are already used, safely, in 
large quantities within the semiconductor industry. According to Zweibel (1990), no 
deaths have occurred amongst PV workers resulting from the use of these gases. 
Like crystalline silicon modules, a-Si modules, once manufactured, are considered 
inert and without any further environmental or safety risks (Zweibel, 1990). 
Amorphous silicon can be processed at a low temperature which substantially reduces 
its energy requirement (Flavin and Lenssen, 1995) and hence environmental impact 
28 Some of the energy transferred to the silane in the electron collisions is radiated as visible light (from 
e\cIted radicals) hence the name, glow discharge. 
29 It has been found that doping a-Si raises its optical absorption but also its density of recombination 
centres so that the highly doped p and n-type layers absorb sunlight strongly but then destroý' the photo- 
generated carriers by reabsorbing them. A solution to this problem is to sandwich an intrinsic - un- 
doped - (1-type) laver betNýeen mo . ery thin p and n-type lavers and an electric tield jý, -sct up in thl, I- 
type laver Amorphous silicon is therefore a p-i-n cell, it has an intnnsic laver between positive and 
negative senil-conduct, \ e layers 
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when compared to crystalline silicon. A-Si would, on am2 of module basis, present 
an environmentally superior alternative to x-Si provided the ases used during the 9 Cý 
production phase can be controlled successfully. In terms of providing the sen-ice of 
electricity provision, more modules would be needed to supply a given amount of 
power because amorphous silicon modules have lower efficiencies. The 
environmental burdens of the balance of system materials such as structural supports 
is therefore greater. 
Huber and Golb (1995) considered the environmental performance of PVs in 
comparing the use of p-Si, m-Si and a-Si technologies to provide power for electric 
passenger vehicles. One of the conclusions drawn from this analysis was that the 
current efficiency of amorphous silicon is insufficient and the environmental benefits 
of reduced resource use during construction of the modules are lost, in balance of 
system impacts, as more modules need to be installed per kWp required 30. 
2.5.4 Cadmium Telluride (CdTe). 
The unique aspect of CdTe, and the reason for great interest in it, is its very low cost 
potential. This is due to the fact that most of the processes in its manufacture can be 
performed without expensive and slow vacuum processes. Matsushita, Golden 
Photon and BP Solar are looking at CdTe. Matsushita pro,, ides Texas instruments 
with small CdTe cells for its calculators. It is anticipated that only moderate 
production capacities (10-30 MWp) should be enough for economies of scale to allow 
for very low cost modules (under $50/m2 or 0 O/M2) priced at well under $I/Wp 
(Zweibel, 1996). 
CdTe has the advantage of being a more optimal match to the solar spectrum than 
other PV materials, with a band gap of 1.5 eV. so its chances of reaching high module 
and cell efficiencies are better than those for a-Si and CIS. Experimental cells have 
reached efficiencies of 16"o, prototype sub-modules have reached 101, o efficlenc\ 
whilst larger modules have reached efficiencies of 9.2% Cominercial1v available 
; () Other conclusions draxn were that low weight support structures and high efficienc, es are imporiant 
and that supportim, structures should be as light as possible. Cý 
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modules are around 6-8% efficient. (Zweibel and Barnett, 199-35 and Green 
et. al. , 
199 8) 
The golden rule for making CdTe devices is to deposit cadmium and tellurium as 
inexpensively as possible and then heat-treat the devices to activate them. 
Electrodeposition, evaporation, spraying and screen printing can all be used. 
Electrodeposition and spraying are perhaps the more desirable as they allow high 
utilisation of the feedstock materials and both methods have low capital costs, 
typically 30-80% lower than for a-Si (Zweibel and Barnett, 1993). 
Environmental Considerations of Cadmium Telluride (CdTe). 
A disadvantage of CdTe is the presence of heavy metals with serious environmental 
and health risks, particularly Cadmium. Such substances are used in relatively minute 
quantities per module, but even at these levels it could become an issue. Accidental 
emissions at factories is an issue that is raised in this discussion. Cadmium is a highly 
toxic element and so regulations on its use are likely to be steep 31. Familiar 
management options for monitoring equipment, maintaining worker hygiene and bio- 
monitoring personnel provide reasonable assurances of safety. 
Manufacturers actually consider the handling of cadmium and CdTe production as 
less challenging in terms of safety than the production of other thin films which use 
toxic and explosive gases. 90-99% of the cadmium used in CdTe modules ends up in 
the module, the rest is solid waste and is easily handled (Tillman, 1995 and Zweibel, 
1990). However CdTe modules could pose an environmental threat in use if burned 
in a fire (see Steinberger et. al., 1995 and Moskowitz and Fthenakis, 199 1 ). 
The advantages of CdTe PV modules in offsetting conventional energy sources should 
perhaps put the cadmium issue into some perspective. It is used in small quantities 
0.04 g/M2 of thin film according to Zweibel and Barnett ( 199' 3). Global consumption 
of cadmium was in the order of 15000 tonnes in 1986. It is now estimated to be over 
31 See Jackson and '\lac(yilli\-ray (1995). 
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32 20,000, for such things as coatings on metals, batteries, red and yello\v paint etc. . 
Large amounts of cadmium are emitted as coal fly ash from coal burning plants, 
present in phosphate fertilisers (directly into our food chain) and emitted durini-, zinc 
production (Zweibel, 1990). In the case of burning coal, cadmium waste is produced 
at a rate of about I kg per GWh of electricity. CdTe modules that contain I kg of 
cadmium (about 150M2 of module) would produce about the same quantity, I GWh, 
of electricity over a 30 year lifetime, but unlike the cadmium in coal Nvhich is released 
into the environment,, the cadmium in CdTe modules can be recycled as it is in 
controlled use (Tolley and Palmer, 1995). 
Tellurium, as a substance, is not nearly as dangerous as cadmium and therefore 
measures to reduce cadmium exposure and use will do more than enough to avert any 
environmental danger. However, tellurium is not an abundant material and so may 
have resource availability problems as production increases. 
Baumann et. al. (1995) look at the impact pathway analysiS33 of Cadmium Telluride 
thin film modules. The authors identified airborne Cadmium and Tellurium 
emissions due to the processes carried out during manufacture of the modules or their 
release during a fire, as the most likely hazards to the environment and health. Hynes 
et. al (1994a and 1994b) look at wastes which occur mainly during disposal of the 
module and during production processes. Wastes during production include solid 
wastes of cadmium sulphide and cadmium telluride compounds in the form of 
material scraped or sand blasted off deposition chamber walls, cleaning cloths coated 
with acids or dust collected in particle filters. 
12 Each year about 1000 tonnes of cadmium enters the US waste stream in the form of discarded 
batteries (Zweibel, 1990). 
33 impact pathway analysis Is a methodology to identify the PnOntY impacts associated mth the chosen 
PV technology and determines the route by which pollutants such as cadmium, released dunng vanous 
stages of the life cycle, tra, ý'el through the environment. 
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The dangers of cadmium mean that recycling is a favoured option SERI and 
ASARCO are studying the cradle to grave handling of Cadmium Telluride lookin(-, at 
recycling waste and modules after their use. ASARCO smelters may be able to 
process CdTe waste and modules with minimal pre-processing. Modules could be 
recycled using pyrometallurgical processes as used in the non-ferrous smelting, 
industry and even those wastes defined as hazardous could be handled by existing 
recycling technologies as they are generated and routinely handled in larger quantities 
by the non-ferrous metals industry. 
2.5.5 Copper Indium Diselenide - CuInSe2 
(CIS)- 
As a material CIS has a band gap of I eV and is the most light absorbing 
semiconductor known requiring only half a micron to absorb 90% of solar photons. It 
can be grown like silicon into single crystals but this isn't cheap and this inethod 
would not exploit its suitability as a thin film. Cell efficiencies of 14-18% have been 
achieved with thin film CIS cells. An efficiency of 13% has been achieved with a 
small module and 9.7% with a4 ft2 module (Zweibel, 1990 and Archer, 1996). They 
34 are under development by Siemens and NREL 
The present process for making CIS, which is a two step selenisation method, is a 
costly vacuum one. After copper and indium are deposited, usually by sputtering'5, 
they combine and the copper-indium is then selenised at elevated temperatures (about 
400 'C) using gases such as hydrogen selenide (SeH, ). CIS is made p-type (n-type) by 
putting more (less) copper than indiurn respectively -a process known as intrinsic 
doping. Incorporating gallium into the cells in replacement of some of the indium 
can increase the band-gap of CIS closer to the optimum (CIGS Copper Indium 
Gallium Diselenide) improving the performance of the cells. 
CIS is not yet commercially available. They are efficient cells because they are 
complex but this also makes them expensive. CIS deposition has high initial costs, 
selenisation is a slow process, but is not complex and indium is an expensi\e 
y Laborato 'es in the USA. 14 National Renewable 1-nerg n 
. 15 Although the sputtering process utilises only -100 o of indium, the rest can 
be recycled 
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substance around f 190/kg (although only 4g/m 2 is needed for modules if layers are 
microns thick). They do have good stability and proven efficiencv but, as with all 
thin films, reliability has yet to be proven. The use of CIS as the second cell in multi- 
junction devices is also being investigated. 
Environmental Considerations of Copper Indium Diselenide (CIS). 
Indium is a by-product, dependent on the processing of primary metals and is 
therefore in limited supply. 70 kg of indium. is needed per MWp of modules 
produced and as world production of indium is around 120 Tonnes per year, 
increasing costs could be a problem at high production volumes (Zxveibel. 1990)36. 
Fortunately, CIS happens to be the most light absorbing PV material. Therefore 
thinner layers can be made to reduce the scarcity problem and the use of gallium in 
37 replacement of indium is also being considered 
Hydrogen selenide is the only dangerous feedstock in CIS module manufacture. It Is 
an extremely toxic gas with similar dangers to those encountered during the 
manufacture of amorphous silicon. Work is being done to reduce the use of hydrogen 
selenide by using selenium instead. If used in large production, hydrogen selenide 
would be produced from compounds containing hydrogen and selenium on site and 
only on demand so that very little would need to be stored. This would minimise 
risks substantially and eliminate the need to transport the gas via public roads 
(Tillman, 1995). 
CIS will probably be subject to many of the constraints on disposal that cadmium 
telluride will have. Cadmium is used in its production and small amounts of solid 
cadmium are present in the modules 38 . 
Care should be taken that it does not enter the 
environment and its disposal should be controlled. It is not a physical requirement for 
According to Z,,, velbel (1990), world annual production of Indlurn Is about 100 tonnes but It is as 
abundant as silver in the earth's crust so it may not pose such a problem. 
. 17 1 ýp to 250 o of the indium can be replaced by gallium lowenng demands for indium 
. 18 In the form of Cadmium Sulphide in the windo\ý layer. 
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the function of CIS cells that they contain cadmium and alternatives are being 
investigated (Tillman, 1995). 
There is also a slight chance that the selenium content of modules mi-ght contaminate 
groundwater if disposed of improperly 39. Again recycling is the preferred option on 
environmental grounds for the disposal of CIS modules at the end of their useful life. 
This is not only for environmental benefits but also for the added benefit of returning 
the valuable indium for re-use - this will only happen if produced on a large 
commercial scale. 
2.6 Other PV Technologies. 
The technologies described above are the most advanced in terms of 
commercial i sation. There are a number of other PV technologies that could also 
emerge as key contributors and these are briefly described here: 
Gallium Arsenide (GaAs) single crystal cells have achieved the highest efficiency of 
any PV material, 25.5% efficiencies have been achieved with single junction cells 
(EAB, 1994) but they are quite CoStIY40 . 
This is partially due to the high material 
costs of gallium and arsenic and high production costs. 
Baumann et. al. (1994) look at the environmental implications of 40% efficient multi- 
junction cells using Gallium Arsenide 4 '. They found that environmental and health 
hazards arise mainly frorn the use of hydride gases and alkyl metals. Problems with 
material supply could affect costs and on a large scale there could be resource 
pressures on gallium and indium. 
39 According to Zweibel and Barnett (1993) tests of CIS modules have been conducted by the Lý 
Environmental Protection Agency involving grinding up a module, suspending the remains in various 
solutions, and then attempting to leach cadmium, selenium and other materials from solution. They 
claim that the C IS module passed these tests by a large margin. 
40 
, ; \ild 
hence are used for applications such as satellites where factors such as efficiency and %cight 
outweli,, h costs 
41 They assurne at a theoretical production le,,, -el of I nullion square metres a ýear equivalent to -4()(, 
MW 
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Polycrystalline thin film silicon has also been experimented with. Thin lavers of 
around 30 ýtrn of crystalline silicon are grown on inexpensive substrates (such as 
metal foils) at high temperatures (1414'C) using epitaxy or CVD techniques. The 
silicon growth occurs from a saturated metal solution and is similar to the (, )--roxý-th of 
silicon from a molten source material. Crystalline silicon has the advantage of being 
stable at operating temperatures because of the high temperatures it is exposed to 
during manufacture. As a technology it offers the cost and interconnection 
advantages of other thin film cells yet retains the high performance and stability of 
crystalline silicon. It Is less advanced than CdTe and CIS but BP solar are looking at it 
as a possibility (Vermelen et. al., 1998). 
Several other compound semiconductors for thin films could be developed (e. g. 
cadmium selenide, zinc phosphide, copper gallium selenide, zinc telluride) especially 
if thin film multi-junctions are developed. 
2.7 Multi-junction Modules. 
Multi-junction devices are basically modules with cells stacked on top of one another, 
designed so that each layer is sensitive to photons of different wavelength - different 
colours in the light spectrum. This enables them to utilise the spectrum more 
effectively. High energy photons are absorbed in the top cell, whilst low energy ones 
pass through it and are absorbed in the bottom cell which has a lower band-gap. 
Stacking cells with different band gaps overcomes the limits imposed by the choice of 
band gap. The two cells share the spectrum between them and theoretically could 
lead to a doubling of conversion efficiencies. Hence multi-junction modules are 
considered a good method of reaching sufficient efficiencies with thin films. 
Creating multi-junction modules is particularly useful for a-Si as it is a ke\ xNav of 
increasing efficiency and stabillsing them against light induced degradation. A-S, Is 
particularly well stilted to multi-junction modules because its band gap can be 
changed by alloving. For example, a-Si can be alloyed with (-, crmanium to 
form a 
tý ---- 
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narrower band gap material and with carbon to form a wider band gap matenal4l . 
Multi-junction connection of two thinner a-Si cells alloNvs reduction of the 
degradation effect whilst allowing sufficient light absorption. The component cells 
could be both a-Si of different alloys or a combination of cells of different i-naterials. 
They are configured (cell thickness are adjusted) so that the M'o layers of cells 
produce equal currents under illumination and because the cells are in series, the 
voltages add, giving higher power output (efficiency) than either cell alone. A-St 
multi-junction devices have achieved efficiencies of 14.6% in experimental cells, 
10.2% in experimental modules and 6-7.5% in field experience (Kelly, 1993 and 
Carlson and Wagnar, 1993 and Green et. al., 1998). 
Amorphous Silicon and CIS make a good combination for multi-junction devices as 
a-Si has a high band gap (1.75 eV) and CIS has a very low band gap (1.0 eV). 
Therefore they absorb half of the spectrum each. Theoretically cells should be able to 
reach efficiencies of 42%. (Prince, 1990 and Kelly, 1993) 
Higher efficiency multi-junctions could be made from single crystal copper indium 
diselenide and copper gallium selenide alloys. In the future, triple junction devices 
combining a-Si, carbon/a-Si and germanium/CIS might eventually show conversion 
efficiencies in excess of 20%. In this case,, the band gaps of the three materials ýý'ould 
be about 2.0 eV, 1.5 eV and 1.0 eV, respectively, optimising the use of the solar 
spectrurn. Multi-junction modules are not yet commercially available (Wheldon, 
1998) but efficiencies of cells have reached 37% in laboratories (Hill et. al., 1995). 
Other elements such as phosphorus and antimony are also being experimented xý, Ith. 
2.8 Concentrators. 
Concentrators use lenses or mirrors to focus sunlight onto a smaller area of solar cells, 
they offer the opportunity to offset the costly cells with relatively inexpensl\e 
hardv. 'are such as mirrors or lenses and can achieve efficiencies of over -')00/, o. 
Gallium 
Arsenide single crystal cells are good for this but they are more expensive. Becausc 
42 s ilicon/gernianiuni alloys are intrinsically more stable than a-Si alone ýýhich also helps reduce the 
degradation effect on a-SI cells 
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very concentrated levels of sunlight are reached, the cells are exposed to high thermal 
fluxes and can become unstable. 
The need for direct sunlight is also a problem as diffuse light cannot be focused and 
for this reason concentrator devices work best with two axis trackers., which adds to 
operation and maintenance costs and reliability problems. In the UK available 
sunlight is divided 50/50 between direct sunlight and diffuse sky. This puts a 
question mark on the viability of concentrators in such latitudes but they can be 
applied in and regions of the world with high levels of solar radiation. From an 
environmental perspective, concentrators have obvious advantages, using less of these 
potentially dangerous and rare materials Entech in the US make concentrator 
modules. 
2.9 Summary of the Photovoltaics Technology. 
The idea of turning sunlight into electricity sounds a simple one. Unfortunately, as 
this chapter has highlighted this is not the case. In reality even the way PV cells work 
is complex and there are a whole range of factors that affect their perfon-nance. The 
methods of manufacture are also complex. This complexity raises concern over the 
viability of PVs as costs in economic, energy and environmental terms are likely to be 
high. 
PVs are also complex in terms of the technology choice. Both thin films and 
crystalline cells and modules are produced on commercial scales. In technology 
terms the technologies have different advantages and disadvantages. Crystalline 
silicon modules have the advantage of being based on an abundant material, silicon 
and rely on a well-developed technology from the microelectronics industry. 
However the processes involved in silicon purification and ingot groN'Vlh are energy 
intensive and are batch processes. In comparison many of the materials used in thin 
film technologies have notable environmental burdens or are scarce and the 
performance of these technologies is not as high as crystalline silicon approaches. 
HoNN-ever thin films are believed to be better suited to largc-scale continuous 
production and use substantially less energy in manufacturing. 
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This dissertation focuses on x-Si PVs- The presence of other a\ailable PV 
technologies makes the viability of x-Si PVs of crucial importance. If they are not 
viable then attention should be given to other technologies that are. This chapter has 
not only provided an insight into the PV technology but has described manN, factors 
that will affect the viability of PVs that will be discussed in later chapters. 
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3. The Markets for Photovoltaics. 
This chapter provides an introduction to the markets for PVs ýOich raises important 
issues relating to the viability of the technoloVy. It describes the PVs market a. a 
whole and how it is likely to develop. It also provides an overA-Iew and description of 
the niche markets in which PVs are competitive with other forms of electricity 
provision and the larger markets that are currently supported by governments, utilities 
and industry. The latter must ultimately be able to survive without support if xvide 
scale adoption of PVs is viable. The barriers hindering the development of the PV 
markets are also described together with a description of the support gi-ven to PVs in 
different countries and by different organisations. This chapter therefore puts the 
market for BiPV systems in the context of the whole PVs market. 
3.1 The Evolution of Markets for Photovoltaics. 
The PVs market is characterised by ever expanding niche markets. Being modular 
allows arrays of PVs to be built to suit any application' and, as their conversion 
efficiency is virtually independent of the plant size and insolation intensity, they ha\e 
been used to provide economical power services as diverse as wristwatches, 
telecommunications and grid electricity, that is power from less than I watt to many 
megawatts. For example ..... . 
In the UK there are man_v hundre&- ol'small sYswin, N 
In-oviding powerfi)r monitoring and control devices, jor the gas, electriclij - and ývater 
I. ndustrics, f6r meteorological stations, fior small lights on buovs in estuarie, N (Intl (it 
sca and (? f course millions of calculators. ' (Hill et. al., 1995). 
Some of these markets for PVs are real in the sense that they are economic without 
any artificial assistance. Others are assisted by governments, utilities or industry with 
the confidence that they will become cost effective without assistance in the future: 
deach internietliale market nichc serving as a stepping stone to the longer t(--, rni gou/N 
0/ 1 intiss jvo(luclion' (Ricaud, 1994). There Is a definite spiral of lo\ýcr costs and 
larger markets. Authors such as Taschini. and lanucci (1992), Hill (1996) and EPIA 
I negat , e) to increase the voltage or 
in parallel I Modules can be connected series (positive to III 
(negative to ne. gnillve and positi\ e to positi\ e) to increase the current 
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(1995) imply and envisage large growth in the industry as ever increasing niche 
markets become economic. Cost decreases in the industry haý e led and Nvill continue 
to lead to larger markets. Larger markets in turn will lead to increased production 
scales which will stimulate still further cost reductions and so on. This, they expect, 
will continue to the point where PVs are competitive with power provision on a large 
scale. 
The speed of market growth is expected to increase due to the fact that as costs fall 
larger markets will become viable for PVs. The demand for PVs is, howeNer, 
relatively inelastic at present due to the fact that it is still only niche markets that are 
viable for PVs- It is expected to become elastic (more responsive to price) when large 
markets for photovoltaics become viable. Figure 3-1 shows this changing elasticity of 
demand for PVs. 
Figure 3-1: Elasticity of Demand for Photovoltaics. 
Price 
Y. /Wp 
p. -. 
Quantity (MWp) 
(Source: Figge and Butz 1998. ) 
When prices fall below price P at annual output greater than Q the effect of lmýer 
costs on increasing market size will accelerate as the largest markets for PVs become 
viable. The price elastIcItY qfdemandfor PV is much higher at consi(h, rahýi, lowo- 
pricc /evc/s' (Derrick et. al., 1993). An example of such markets is grid connected PV 
mistems. 
At what price IeNel will the elasticity of demand start to improve" 
This cannot bc 
answered with anv certainty, but it \vIII certalinly be elastlc when PVs are compet, t, \. e 
xvith the cost of electricity from conventional means As 
Ionv, as ll%ls are notably 
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more expensive than other technologies, demand will not be very elastic in response 
to lower prices as only relatively small niche markets and applications will be viable. 
In support of this, Taschini and lanucci (1992) comment that, as prices have dropped 
from hundreds of dollars per watt in the early 1970s to ten dollars per watt In the earlY 
80s, and to less than 5 dollars per watt in the early 90s, the use of photovoltaics has 
increased. They claim that... 'as module prices declineftom approximate4l, S4.50 lfý 
today to the $2-2.50IWp range, PV will cross the next threshold and become cosl 
effective for fuel displacement in the diesel power market, estimated to be in the 
thousands of megawatts. ' (Taschini and lanucci, 1992). In this way, PVs could 
experience an orderly business development which begins with today's remote power 
and other niche uses and progresses to ever larger and more numerous applications 
which will become more and more significant in terms of energy contributions. 
3.2 The Markets for Photovoltaics. 
This section describes the main markets for PVs. There are those that are economic 
today, because they tend to be small scale, and others that are supported today in the 
expectancy that they will be viable in the medium or long term. 
3.2.1 Satellites. 
Satellites were one of the first niche market for PVs. Satellites require a reliable, 
lightweight, long lasting energy supply and PVs are an ideal match to this need, since 
they depend only on the sun for energy. The very high cost of PVs In early space 
power systems, reported to be several hundred dollars per watt, was therefore justified 
and today the efficiency to weight ratio of the panels used in space applications still 
outweighs the cost consideration. 
3.2.2 Industrial Markets. 
The first terrestrial applications of PVs were small scale remote industnal 
applications in the 1OWp-lOkWp range used for high value, cost effectIve 
applications which form a substantial proportion of the 
PVs market today. Such 
markets are still very far from being saturated in many areas of application 
(Hill, 
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1996). These markets include navigational aids, telecommunications, cathodic 
protection, road signalling etc. 
PVs are cost-competitive for remote applications because of the high costs associated 
with re-fuelling and maintaining combustion engines, in changlin(t)ý batteries or liquid 
gas cylinders. PVs are however, often competitive mth the mains electricity supply 
close by, for example, the PV system powering the greasing mechanism on the rail 
tracks at Waterloo station ývith the live rail next to it is cost effective because the cost 
of cable trenches and step down transformers' far exceed the cost of the PV svsteni. 
Hill (1996), Green (1993) and EPIA (1995) describe the emerging applications ot'PV 
as industrial markets. The main applications in this market section are described 
below. 
Telecommunications. 
Telecommunications was one of the first terrestrial applications for PVs. The\ have 
been used since the mid 1970s to power relay and repeater station,, - as v'ell as 
telephones in remote areas. It is still one of the largest markets for PVs and continues 
to grow. 
Cathodic Protection. 
Cathodic protection has been one of the fastest groýN, ing applications of PVs. Metal 
structures require protection against corrosion and so where potential for corrosion is 
high, cathodic protection is used which requires small DC voltages. The required 
protection often stretches for great distances. as in the case of long pipelines, which 
are an ideal application for PVs which can provide the necessary power at regular 
intervals along the line. 
Water Pumping and Treatment. 
Water pumping and treatment is another ideal application for PVs particularlý in 
remote arid regions which lack an infrastructure for Nvater and PV,, work x%ell in the 
stinny climate. 
I To reduce the voltay to the required level 
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3.2.3 Village Power. 
Because of their modularity, simplicity, high reliability, low maintenance 
requirements and short lead times PVs have the potential to supply electniclt'\' to 
around 2 billion people long before they could be supplied by anY grid (McNel's. 
1998). For example in Australia, utilities are supplying remote area power supply 
systems to communities in the outback as a lower cost altemative to cxtending gnid 
lines. In developing countries PVs represent the most appropriate technology to meet 
the electricity demand of rural settlements (McNelis, 1998). They are beim-, applied 
in such areas for health and medical services (such as %accine refrigeration), 
educational uses,, battery charging, sanitary services and communications to pro% 1de 
basic infrastructures. 
Newly industrialising countries such as China, India, Pakistan, Indonesia, Philippincs, 
Malaysia, Brazil, Argentina and Mexico have the technical competence to use I'Vs, 
requiring only political will and organisation to set up an infrastructurc to enab1c a 
large market for PVs to develop. According to McNelis (1998) India is a countrv 
where this is succeeding and has an annual market of 10 MWp of installed PV 
systems. In Brazil a rural electrification project has attempted to curb rural migration 
by electrifying villages and improving standards of living in rural communitics using, 
PVs. In Indonesia the first village system Nvas installed in 1989 no\ý there are 3500 
such systems and the programme is about to aim for 50 MWp (Kuhmann ct al., 199, S). 
Globally there is more than a 16 GWp market for such applications as stand alone 
systems (McNelis, 1998). Lack of electncity and related commodities contributes 
consistently to rural migration and urbanisation tendencies in de"cloping COUTItri I es 
and the need to improve living conditions in rural areas, to stimulate local ccorioillics 
is Widely recognised (McNells, 1998). HoNveNer man\ deýeloping countri . es o fi cn 
lack the capital or technical knowledge to implernent such power supplyin'-I 
technologies and are reliant on aid programmes at present despite the fact that it i" an 
economic application of PVs. 
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3.2.4 Solar Home Systems. 
The developing world is also a large market for Solar Home Systems in which power 
is produced to individual homes for individual families. A solar home sN-stem ot"ýO 
Wp with a daily average yield of 180 Wh suits the electricity needs of a typical rural 
household using a couple of lamps, a radio and a black and white television, basic 
services which could greatly increase the quality of life in de%elopingy countries 
According to Posorski (1998) 700,000 solar home systems hm e already been installed 
world-wide. In Kenya for example I% of rural households have PV svstems 
(Wheldon, 1998) and in Indonesia there are more than 10,000 such home s\'stems 
installed. 
3.2.5 Remote Houses. 
Remote houses in the developed world also create a market for PVs. According to the 
EPIA (1995) in 1987 it was estimated that 70,000 houses in I.. U123 would be less 
expensively electrified with PVs than with grid extensions. Including isolated 
holiday homes in Scandinavia and Austria a potential total isolated market of 150 
MWp of PV exists in Europe. Many summer homes in Scandina\ la already use I'Vs. 
In the case of remote houses there is a trade off between grid extension and PVs 
which is tending to favour PVs as the technology costs are falling. In the US., \ line 
extension via overhead cables costs equivalent to f6,500-19,000 /mile, a high caj)1taI 
cost with which PVs can compete. A utility in Arizona offers customers PV if the\ 
require a grid extension of greater than half a mile (Derrick et al., 1993). 
In Finland such systems on holiday homes typically comprise I module systems to 
power TV and lights, 2 modules systems to power TV, lights and refrigerator and 
multi-module systems for higher electricity needs (Nyman, 1998). NorwaN had 
50,000 PV powered country homes by 1995 and at that time an additional 8,000 Nvcre 
I solarized' every year (Flavin and Lenssen, 1995). 
I . EUI 2 refers to the European Union N\ hen it included 12 COUntnes 
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3.2.6 Other Remote. 
The 'other remote' category covers environmental monitorin-,, control and re ing g po rt 
stations,, warning and signal lights on land and sea, electrified fencing, perimeter 
secunty at large sites, intruder detection, temporary lighting, parkin(-, meters. 
emergency highway telephones, street lights, ticket machines. neNvspaper dispensers, 
fountains for garden ponds and car sunroofs 
emerging niche markets which can be economic. 
3.2.7 Consumer Indoor. 
All of these applications represent 
Indoor applications of PVs includes items such as calculators, xNatches, fans, to\'s, 
instruments, battery chargers and novelties, typically with power requirements in the 
range of 0-50 Wp. Power for such items is usually provided by a-S1 modules and has 
been dominated by Japanese companies. Growth in this market has been slo\ý ill 
recent years (EPIA, 1995). 
3.2.8 Small Scale Grid Connected. 
Whilst grid connected systems are rarely economic at present, identification and 
demonstration of the most cost effective applications is becoming widespread. The 
idea of a large number of small generators connected to the grid is a new concept for 
the electricity industry to grasp. It represents a radical change to the comentional 
concept of centralised electricity distribution in which a few large scale generating 
plants distribute electricity via the utility networks to the consumers. Instead utilities 
NN-111 collect power from a large number of self producers dispersed oý'Cr their territorv. 
Such 'distributed generation', because it is sited as close as possible to local loads, 
maximises savings in utility upstream operations allo\ýIng full exploitation of' 
economic benefits of PVs (Hill et. al. 1995). 
The first grid connected systern was installed in 1980 and ýýas a sýstcm on a house in 
the USA (Schmid, 1998). Utility companies are amongst the most significant I- 
developers of PV systems. For example Pacific Gas & Electric, a utility con1pally in 
California has been a leader among US utilities in identit'Nin, -, and supporting early 
cost-effectiNe uses of photo,, oltaics. installing over 420 sNstcnis b\ 1981) with 
hundreds more installed since. According to Taschini and lanucci ( 1992), by 2010 
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the grid-connected market is expected to become a commercially viable market. 
However Hill (1996) comments that growth of such markets xvill depend on political 
decisions. Some of the small scale grid connected applications are discussed bcio%% 
Building Integrated and Mounted PV Systems. 
A large proportion of electricity is consumed in buildings. Therefore the nearest 
place to erect PV systems to supply such loads is the building itself Applying PVs to 
buildings is expected to be the largest application for grid connected PVs (Hill, 1996). 
PVs can be applied to buildings in two basic ways. The PV s\-stem can be mounted 
onto existing building structures and materials or can be integrated within the 
building, as part of its external weather proof skin taking the place of roof tiles, 
rainscreen overcladding, curtain walling or atrium glazing (Pearsall, 1996b). Full 
integration of PVs into buildings is usually only considered if the building needs 
renovating, for example replacing cladding panels at the end of their useful life, or for 
new buildings where PV can be integrated at the design stage. 
Retrofitting to existing buildings, provided that the building element being replaced 
by PV needed replacing, gives rise to avoided material costs. Installing systems to 
new buildings has the added benefit that the building can be designed to best 
incorporate the system making the most of the resources at hand and be more 
resource and cost effective. 
The systems produce electricity for use In the buildings on ývhi . ch they arc installed 
and export any excess electricity to the grid (using the grid when the 13V supplý is 
insufficient to meet demand). Figure 3-22 below shows the extent to which countries 
had installed building integrated and mounted PV systems up to 1994. The 
application of PV was at an early stage of deployment at this time, this figurc 
therefore illustrates the countries that took an carly lead in this market. The installed 
capacities are likely to haNe increased significantlý since this date. 
In Europe the t\\o countries that have alread\ installed large numbers ofsuch S\, stcms 
are Switzerland and German\,. In these countries the rnarket 
for ý, olar photovolta)cs on 
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commercial buildings has risen to 5000 m2 per year and is Nvorth f5 million after onlv 
a few years, Government support has been crucial In this growh (Greenpeace, 1995). 
Sick and Erge (1996) consider PV in buildings to be '... the inost promising (? / 
candidate markets to bridge the way,, for I'll. 1rom scutteredsmall niche upplicallons 
to a major power generating source ofthe 21st century,. ' Simi larly the lEA (I 996a) 
claim that .... 'there is growing acceptance in many IEA menibersiales Mat distributed 
grid connected pholovoltaics, and building integratedsYstenis i. n parti . cular, hold the 
key to widespread commercialisation of P F. 
Figure 3-2: Installed Building Integrated and Mounted PNI Systems up to 1994. 
IJK 4f) (Sourccý EPIA 1995) 
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Domestic consumption of electricity does not match well with the supply of 
electricity from PV svsterns as there is a time mismatch between suppl,, I and dernand. 
This fact causes concern for utilities which see the wide-scale use of building 
integrated PVs (BiPVs) as a potential problern. On the other hand, when PVs are 
applied to commercial buildings there is a good match between supply and demand'. 
Also, given that commercial buildings undergo extensive refurbishment at intervals of 
20-30 years or so, office developments of the 1960s could provide a readily available 
supply of potential retrofit BiPV sites. Given that the lifetime of PV systems (25-30 
years) coincides with the lifetime of some cladding systems this makes it a suitable 
application for PV. A huge market opportunity exists for solar photovoltaics on 
commercial buildings in the UK, two million square metres of neNk- commercial and 
industrial roofing are built each year and current estimated available roof space on 
The 9-5 working day coincides with dayliglit hours. 
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commercial buildings is estimated to be 240 million square metres (Greenpeace. 
1995). Greenpeace (1995) identifies commercial buildings as a key launch pad for 
solar technology in the UK. 
From being almost non-existent several years ago BtPV projects began to take off in 
1993/94. The market for grid connected solar roofs and facades is growing at a rate 
of 30% per year in countries with encouraging legislation (Ricaud, 1994) and is the 
fastest growing PV market in Europe (McNelis 1998). The potential for such systems 
is enormous. For roof top systems the EPIA (1995) estimate a market potential of 618 
GWp of PVs in Europe. Even in the UK such systems have a huge potential- the UK 
accessible resource of building integrated systems was estimated by ETSU (1994a) to 
be in the region of 200 TWh/year in the short term and 360 TWIVyear in the long term 
(i. e. in 2020)5. Considering that the total amount of electricity generated in the UK in 
1994 was around 325 TVVh and that supply to final users was around 279 TWh (DTI, 
1995), this illustrates that photovoltaics integrated into buildings is a very significant 
potential energy source. Kuhne and Aulich (1993) claim that... 'taking Germany as an 
example, it should theoretically be sufficient to equipjust the unused outside surface 
of buildings pointing to the south with solar cells having a 10% conversion efficiency 
to cover more than the country's total electricity production. ' 
Some of the most prominent demonstration projects of PVs have been BiPV systems. 
In the UK for example demonstrations of BIPVs include a 5-bedroom house in 
Oxford which has a4 kWp PV system integrated into the south-facing roof The 
system generates as much electricity as the house uses over a year but relies on the 
grid for back-UP6 (Roaf and Fuentes, 1996). The University of Northumbria boasts 
the first commercial PV curtain wall installation in the UK and was put In place as 
part of a refurbishment of the south facade of an existing university building in 
5 Crick et. al. (1994) also claim that the total resource is 68 GWp of generating capacity with 
)995 
technology capable Of providing 208 TWh. 
6 Excess electricity is exported to the grid during sunny days and is imported 
dunng the night 
Throughout the year the house is a net energy exporter - it has a super insulated envelope, 
high thermal 
mass and low energy appliances. 
86 
Chapter I The NI arkets for Photovoltaics. 
1993/4 7. All the electricity is used within the building, although it is connected to the 
grid, and the 39.5 kWp system provides 30% of the electrical requirements of the 
building (Pearsall, 1996b). 
Other demonstration projects of BiPV in the UK include the Centre for Alterriative 
Technology visitor centre in mid-Wales which incorporates 10 kWp of PV modules, 
the Solar Office at Doxford International Business Park near Sunderland vvhich boasts 
the largest integrated PV wall in Europe (EiBi 1998), the Ford Bridgend plant which 
integrates 97 kWp of PVs into the roof lights of a factory and the BP solar shoNv case 
which was erected at the Birmingham G8 summit in May 19988. 
There are thousands of overseas BiPV demonstration pr jects including the Solarex 01 It) 
Corporation powered manufacturing plant In Maryland, In the United States. Built in 
1982, the factory is partially powered with their own PV modules (200 kWp array) 
integrated into the roof, and uses battery storage to provide uninterrupted power. The 
Munich Trade Fair Building had PV modules mounted onto some of its huge roof 
area, the 7916 m2 of m-Si frameless modules comprise a 1,016 kWp system. The 
systern is mounted onto the ribs of the roof and was commissioned in February 1998 
(Cunow et. al., 1998). 
The Solar Olympic Village in Newington a new suburb of Sydney is being erected to 
house athletes for the Olympic Games in 2000 It will comprise 665 1 kWp systems on 
the roofs of houses. The houses will also incorporate natural ventilation and other 
passive design techniques, which together with energy efficient appliances and solar 
water heating systems will reduce electricity demand to 1600 kWh/year NN'h1ch is 
below the expected yield of the PV systems. A school is also being solarized as part Z7 
of the project creating a solar village after the Games (Spooner et al., 1998). 
7 It incorporates 40 kNN'p of Mmo-crystalline PV overcladding on a 3)90 m2 solar facade (4(, 5 pariels) 
and produces an estimated annual output of 30,000 kWh (Pearsall, 1996b). 
8 This last prQject integrates a 15 k\Vp arra\ and was des,, -, Tied and engineered in 
6 ý% eeks 
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The application of PVs to buildings has lead to the development of products 
specifically engineered to this application. For example United Solar S\ stems Corp. 
in 1997 introduced a solar electric shingle or roof tile that can be laid out and nailed 
onto the roof just like conventional tiles. 
Photovoltaics Applied to Other Structures. 
Buildings are the most ideal structures on which to install distributed PV systems as 
they provide a demand for the energy produced close by. Other structures that haN c 
been used include motorway and railway sound bamers, bus shelters, car parks and 
9 filling station canopies . 
Sound absorbing walls are perhaps the most used. Noise 
abatement has become a serious issue with new high speed rail links and increased 
motorway traffic. At least 2 European railway companies are investigating combining 
sound deflecting barriers with the installation of photovoltaics. For sound absorbing 
walls on motorways demonstration systems include, a 100 kWp pilot project on the 
N13 motorway near Chur in Switzerland, a 40 kWp installation on the AI motorway 
in Austria, a 55 kWp installation in the Netherlands and on the A6 and A620 
motorway junction near the French German border. 
A Swiss study in 1987-88 showed that suitable sites for PV just on the side of 
motorways and railways would give a capacity of 375 MWp, a large resource in a 
country of only 6.5 million people (Olivier, 1992). A project entitled European 
Highway to the Sun has been set up by European partners aiming to install 100 MWp 
of PV on 100 km of motorway (Nordmann et al., 1998). 
Power Conditioning. 
PVs used for power conditioning is a type of distributed generation that is specifically 
used to boost the power along an electricity distribution line. This application is 
particularly useful when a distribution line stretches a ]ono distance 
from the 
generating source as loads along that line can result in poor power qualm at its 
Ove Arup and BP are integrating PV into Filling Stations, The first one in Berlin includes a 
10 k\Vp 
system providing I Vý, o of the electnc, ty for the station- Another station 
has been opened in Lisbon and 
another will open shortly in Bedford (Brown, 1998). 
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furthest point from the source. If the power falls below a set standard then upgrading 
equipment may need to be installed at a high capital expense. By placing PV systems 
along distribution lines, a utility is able to support voltage and thus reduce 
transmission losses (San Martin, 1992). Pacific Gas & Electric in the US haýe found 
that in some circumstances it may be cost effective in the near future to provide PV 
power to a substation at a critical point to boost the power quality rather than 
undertake the expense of upgrading equipment. This Nvill be most cost effecti\e in 
regions experiencing rapid growth and where local conditions make it difficult to 
upgrade. The current cost of PV makes this kind of installation uneconomic at present 
but it is believed to be a potential market for PVs when costs fall (Hill, 1996). 
3.2.9 Large Scale Grid Connected - Central PV plants. 
Whilst large scale BiPV systems have been erected, the largest systems currently 
installed are central PV plants built on 'green field' sites with structures to support 
them and foundations holding them firm to the ground. Such systems ýý,, ere 
considered as the ultimate application of PVs when the technology was first being 
considered for electricity generation. This approach is perhaps understandable 
coming from an electricity industry which is based on central plant generation. Some 
utility companies are testing central stations by producing MWp scale plants mainly 
under government support in preparation for the general use of this application of PV. 
Several pioneering megawatt scale PV plants are generating reliable power to utility 
grids, providing essential field construction and operation experience and a realistic 
picture of current total system costs and performance. 
World implementation of large scale grid connected plants took an upturn in the early 
1980s when in the USA under the Car-ter administration several large scale systems 
were developed including plants at Hesperia (I MWp - 1982), Carissa plains (5.2 
MWp - 1983) and Rancho Seco (I MWp) (Taschini and lanucci, 1992). This NN, as a 
dramatic increase in the development of central PV systems. Ho\ýcNer this Nvas 
followed by an equally dramatic \Nithdra\N-al of support under the succeeding Reagan 
administration Ný'hich had catastrophic effects on the US industrv (Ricaud, 1994). No 
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new large US installations followed until 1991 when the PVUSA"' scheme took off 
(see section 3.11.1 on Government suppor-t in the USA). Sacramento Municipal 
Utility District in California have recently installed a2 MWp plant. 
In Europe large scale grid connected systems began to emerge in the 1990s. The best 
known sites are in Toledo in Spain (I MWp - 1994), Serre in Italy (3-33 MWp - 1994), 
Vasto in Italy (I MWp - 1993) and Crete in Greece (1997 -5 MWp) 11 . It is clear that 
central PV plants will be developed economically in the Southern European states 
before the higher latitude states due to the higher solar resource there. 
Figure 3-3 below shows the large and medium scale systems, systems greater than 5 
kWp, installed in some of the most prominent countries between 1982 and 1994. As 
for BiPV systems it shows again the dorninance of the United States globally and the 
dominance in Furope of a few countries. 
Figure 3-3: Installed Large and Medium Systems 1982-1994 
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Despite the interest still being shown in central PV plants, 'Competing with modern 
combined cycle gas turbines, coal nuclear and even windpower solely on the basis oj' 
cost in a cenlrul slallon cot? figuration is currenfly an unrealistic neur and even mid 
ferm tatWel. ' (Rueger and Manzoni, 1992). Some authors question whether such 
systems will ever become competitive (Ricaud, 1994). 
10 Photovoltaics for Utility Scale Applications 
11 Part of a 50 NIWp systern using p-S, modules funded by the EU and Greek Government , th a 
subsIdv of 55% of capital COStS (CUrry, 1997). 
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3.2.10 Peak shaving. 
In particularly hot climates there is a strong correlation between sunshine and 
electricity demand as building air conditioning loads increase with temperature. This 
means that in such locations PV systems, whether distributed or central have the 
effect of shaving the peak off the utilities required supply schedule reducing the 
amount of expensive peaking capacity plant that is required. This means the enerp, 
produced by the PV system has a value to the utility much higher than base load 
generation. Electric utilities in such locations are placing increasing emphasis on 
demand side management including use of PV systems in buildings as an alternatiVe 
to building new generation, transmission and distribution capacities. Holiday resorts 
often have a high seasonal demand for electricity in the summer months and may 
prove to be ideal areas for application of central PV plants (Hill, 1996). 
3.3 The Growth of the Photovoltaics Market. 
Whilst the contribution of PVs to the global electricity supply remain small it has 
been growing at a fast rate. Figure 3-4 below shows that the size of the annual PV 
market has grown frorn 7.8 MWp in 1982 to 120 MWp in 1997. It also shows that in 
recent years the growth of the industry has accelerated. 
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Figure 3-4: The Size of the Annual Market for Photovoltaics - 1982-97. 
The global cumulative installed capacity of PV is shown in Figure 3-5 
below which 
lure 3- reveals that in 1997 the cumulative capacity of PV was around 784 MWp' 
Fig 
IIII-m 12 Based oil the assumption that cumulative installed capacity was 380 
MWp in 1992 (De ick et al 
1993). 
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6 below shows the growth of the individual niche markets for PVs over the penod 
1982-1994. It shows quite clearly the emergence of the large scale grid connected 
plants developed in the USA in the early 1980s. The subsequent decline of this 
market when government support was withdrawn and its re-emergence in the early 
1990s. Unfortunately this graph does not show the rapid growth in the application of 
BiPVs in the last few years which has helped fuel the large growth rates In the 
industry. 
Figure 3-5: Global Cumulative Installed Capacity of Photovoltaics 1982-1997. 
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Figure 3-6: Annual Module Shipments by End Ilse 1982-1994. 
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In 1994 the 3 largest markets for PV were Telecommunications (12.6 MWp installed 
in 1994 18.8% of the total), Solar Home Systems (10.1 MWp - 15.1 0//o of the total) and 
Camping, boating and leisure applications (8.9 MWp - 15.1% of the total). The 
recent emergence of grid connected systems on a notable scale is also evident with 
small scale grid connected and medium/large scale grid connected markets being the 
4th and 5th largest markets in 1994 with shares of 11.2% and 8.80/, ý respectivelv. In 
industrialised countries and specifically in Europe the share of grid connected systems 
is higher and, what is more, it is expected to grow strongly in the next decade 
according to the EPIA (1995). 
Figure 3-7 below breaks down the 450 MWp of cumulative installed capacity betNN,, een 
1982 and 1994 into market segments. It shows that Telecommunications accounts for 
the largest proportion of installed systems by far. Remote applications of PV account 
in total for over 85% of the total installed capacity in the industry. 
Figure 3-7: World Cumulative Installed Capacity by 1994 in Installation Type. 
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Despite the apparent steady growth in the inclustr-y, annual groNN-th rates 
have 
fluctuated. The annual year on year growth rate for the inclustry, 
between 1983 and 
1997 is show-n in Figure 3-8 below. The 1980s saw an average growth rate 
of -')'Oqo 
due 
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to a very high growth rate in early years of the decade, between 1977-83 there was a 
66% yearly growth in the industry. 1983 saw a huge groNýIh (950,, 0 in demand due 
largely to the Carissa Plains central PV station in the USA. This was follo%ved bN. a 
slump as government support waned - the market for PVs only grew by 60,, o in 1985. 
The industry picked up in the late 80s with growth rates of 18-27% but slumped again 
in the early 1990s. After picking up bri II 'efly again the industry slumped to another IoNN. 
growth rate of 5% in 1993 despite a high growth in the USA of around 201 0. The lo%k' 
overall rate was due to a contraction in the Japanese market of 2.5%, a IoNv groxýlh of 
around 5% in Europe and a lower growth in the rest of the world of 2'ý'o. Hoxvever in 
the last 2 years the market has taken a large upturn growing by 40% In 1997. Half of 
the big growth in 1997 is attributed to grid connected systems due to a surge of 
Government programmes. The average growth rate of the PVs market has been 21% 
in the last 15 years. 
Figure 3-8: Annual Growth Rates of the Photovoltaics Industry 1983-1997. 
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Figure 3-9 below shows that regional growth rates have been even more erratic with 
Japan and the rest of the World (ROW) experiencing periods of market contraction. 
It shows the growth of the industry in terms of module shipments by region of origin 
tor the period 1988-1994. The average grow-th rate over this period for the industrN, as 
a whole was 14%. Shipments from European suppliers had an average annual gromh 
rate of 25% from 1987-1994 reflecting the big effort bv the 
EU and member 
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governments. Japan in comparison saw growth in module shipments averaging only 
7% with a contraction in shipments in 1992/3 caused by recession. 
Figure 3-9: Annual Compound Growth Rates for PV Markets in Different Regions of the World 
1988- 1994. 
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Figure 3-10 below shows the increase in the market share of European suppliers t'rorn 
1987 to 1994 becoming the second largest producer after the US (Derrick et al., 
1995). According to Derrick et. al. (1993) Europe is also the second largest market 
after Asia, Pacific and Japan region due to Government support for grid connected PV 
in buildings programmes and utility scale power stations. 
Figure 3-10: Annual Module Shipments by Region of Origin. 
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3.4 The Companies Involved in the Photovoltaics Industrv. 
The companies involved in PVs range from glass manufacturers to oil companies. 
Figure 3-11 shows the market share that the largest 17 companies in the PV industrv 
had in 1994. It shows the domination of the industry by the larger firms, xvith the top 
4 accounting for around half of the market. It also shows the dominance of the 
Electronics and Petrol and Chemicals industries involvement in the industry over 
independent companies specialising in PVs. 
Figure 3-11: Major Companies and Share of Global Market in 1994. 
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Oil companies have remained supportive despite losses in the PVs part of their 
business. These losses have occurred due to prices being kept low to stimulate the 
market at the sarne tirne as large investments being required to develop the 
technology. Oil companies involved include BP (BP solar), Amoco (Solarex"), Total 
(Total Energle France), Agip, Mobil (Mobil Solar) and Neste (NAPS Finland). Shell 
have recently shown an interest in PV, Shell International Renewables was launched 
as a new shell 'core business' in October 1997 with a strong focus on forestry 
biomass an PVs 14 . 
13 Amoco and Enron - one of the worlds largest integrated natural gas and electncity companies - 
have 
joined together and taken over Solarex. 
14 Ends daily, 8h January 1998. 
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According to vanous sources 15 Shell has earmarked f300 million oýcr the ne\t 5 
years to be spent on renewables, has created a separate renewables di%ision and is 
investing around f20 million into what will be the worlds largest solar factory in 
Germany. 
The company with the largest market share (around 20%) is Sjernens Solar GmbH 
which is a joint venture by Siemens (a German based electronics firm) and 
Bayernwerk -a utility in Germany. It was formed in 1986 and took over the PV 
company Arco Solar based in the US (Solardach, 1998). Siemens predominantly 
produce crystalline silicon modules, but also produce a-S1 modules. Sanyo is a 
Japanese electronics firm who produce mainly a-Si modules in Japan which are used 
predominantly in the small scale product markets. Solarex is a US based firm with 
plants in the US and Australia. Amoco Enron formed a joint venture which took over 
Solarex in 1994. They intend to build 100 MWp of production plant for a-Si tandem 
modules. Kyocera are again a Japanese electronics Finn who produce both p-si and a- 
Si modules. BP Solar is a European UK based firm who have production plants III 
Spain, the USA and Australia and produce predominantly crystalline silicon modules 
but have recently developed a CdTe plant in the US. BP solar has announced a 
commitment to increase its turnover from around f38 million in 1997 to over f640 
million($] billion) within 10 years (Brown, 1998). 
3.5 Production Capacity. 
In 1994 World PV production capacity was 130 MWp which as shown by Figure 3- 1 
below was dominated by the crystalline silicon (x-SI) technologies' 
6. This Split in 
production capacity is reflected in the market size for the different technologies \ý Ith 
thin films having a 31.5% share of the PV market (Menna, 1996) principally in 
consumer goods and remote power supply. 
15, Lloyd's List Intemational -'7h 
October 1997 and the independent Ne%kspaper, 171h October 1997. 
6 Crvstalline silicon technologies includes p-Si and m-Si 
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Figure 3-12: World Production Capacity in 1994 by Technology Type. 
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Figure 3-13 shows that European and US firrns dominate crystalline silicon module 
manufacture. In Europe in 1994 26.7 MWp (nearly 85%) of the 3 1.7 MWp production 
capacity was crystalline silicon (EPIA, 1995). Japanese firms on the other hand 
dominate a-SI module manufacture destined for consurner electronics markets. It is 
noticeable that with an annual production of around 70 MWp in 1994 but a 
production capacity of 130 MWp the industry is operating in over-capacity 
(representing capital utilisation of 70/130 or 54%) and has consistently been operating 
in over-capacity with a low 40% capital utilisation in 1985 and high of 61 O/o in 1992 
(although 1997 would probably have been higher than this due to the sudden large 
growth in the industry). Europe has enjoyed higher capital utilisation rates, in 1994 it 
had a utilisation rate of 68%. However, anticipation of the demand has always tended 
to be too high. According to Ricaud (1994) this is one of the major reasons for the 
non-profitability of this industry. This has changed in recent years as demand has 
outstripped supply resulting in an increase in module prices. 
Total production capacity is expected to grow rapidly. BP solar alone has 30 MWp 
under construction and world wide around 260 MWp of production plant is under 
17 
construction (McNelis, 1998 and Greenpeace, 1997) . 
Several manufacturers 
announced increased production capacities for 1998 (Weiss et al., 1998). Palz ( 1998) 
clairris that there is currently 250 MWp of production capacity in Europe 10 times 
17 27% of this increased capacity is planned in the USA, 27o in Europe, 211o in 
ROW and 250o in 
Japan. 
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that of 1996 indicating the large growth that has been experienced in recent vears and 
its expected continuance. 
Figure 3-13: Crystalline Silicon Production Capacity Divided by Region. 
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3.6 Cost Reductions in the Photovoltaics Industry. 
As the PVs market has grown the costs of modules and systems has fallen. For 
example Shell (1994) observe that module costs, over the past 20 years, have fallen 
frorn more than $20/Wp to around $5/Wp while production has been doubling every 5 
years. Sick and Erge (1996) similarly note that module costs have fallen from 
f 15000/kWp in 1976 and f3063/kWp in 1995. Zweibel (1990) claims that since 
emphasis on terrestrial PVs began in 1973, PV costs have reduced more than 20 t'Old, 
frorn around US $100/Wp (f65) in the early 1970s to $4-6/Wp (f2.5044) in 1994. 
Currently off the shelf modules typically cost in the range of f2-4/Wp (ETSU, 1994a, 
Zweibel, 1996 and NOVEM, 1998). Figure -33-14 
beloNv illustrates some of these cost 
reductions. It plots sorne of the actual experienced svstem costs for central PV plants 
and BiPV systerns, the prices charged for the modules installed in some of these 
systems and the industrial costs of module manufacturing experienced in the recent 
years. Whilst these cost reductions have spurred increases in the market for 
photovoltaics the growth in markets has also been an important factor in these cost 
reductions. 
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Figure 3-14: An Illustration of the Reduction in Costs of Photovoltaics. 
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Leaming curve theory, also known as experience curve theory has been used to 
understand, account for and describe the widely observed phenomenon of' new 
processes becoming cheaper through increasing deployment (see Fuller, 1983, 
Gruber,, 1994 or Shell, 1998). A learning curve plots 'the process vi, herebY managers 
and operators learn firom experience hoi4, to operate nevi, technologies morc 
ef 17 . 
ýý, cl vely over time such that a grovWngjam arit. vOth, and the repetitive operallo I 
ol, ' a neiv fechnohýqv enables unit cost reductions qfproductlon to be progre. s-. 0ve/v 
reduced' (Pass and Lowes, 1993). PVs are regarded as being at an early part of their 
learning curve. 
Observations like this have been made in the oil industry for example, which began 
with niche markets in larrips and stoves. As the industry learrit how to produce oil the 
average price fell at a rate of 8% per annurn over 20 years and a 50 fold production 
increase was achieved from 1870 to 1910. According to Shell (1998) this ii-riplics a 
learning curve coefficient of 8W o- for cverx doubling of cumulati% c production, 
fell by 201-6. Shell (1998) also clairn that Biomass had a leaming curve coeffilclelit of 
850-o and electricity in the USA between 19220 and 1970 followed a 751o 
leammu 
cur\ e. 
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For PVs Shell (1998) claim that between 1976 and 1988 the cost of making PV panels 
declined at rates in excess of 15% per annurn in real terms followim-) an 800o 
experience curve It is calculations like these that have led authors such as ETSU 
(1994a) to expect module costs to fall from around E4 Wp in 1990 to f I/Wp bv 20-IS "0 
assuming current trends continue. 
3.7 Future Growth. 
Such cost reductions will depend on the growth of the industry. Predicting the future 
growth of the industry is an important consideration to make. In the mid 1980s 
market growth forecasts were over optimistic predicting the annual market in 1990 to 
be 100-300 MWp/year. The actual figure was close to 50 M%Vp this led to over 
optimism in module price reductions and market sizes which contributed to the mcr 
capacity in the industry (Derrick et. al., 1993). 
The expected future growth of the industry is considered by a ývide variclý of authors 
whose opinions vary. The EPIA (1995) considers an average annual growth rate of 
15% but also consider growth rates similar to those experienced for personal 
computers and mobile phones of 25-50% per annum to be possible under favourable 
conditions. Papoutsis (1998) expects at least 20% growth per annum for PVs. Hill 
et. al (1995) considers an average annual growth rate of 18.50/0 based on prc\ious 
experience in the industry. Menna(1996) considers that growth rates could accelerate 
due to factors such as escalation of gas and oil prices, rapid expansion of go-", ernment 
funding, internalisation of external costs, real concern for energy and environment or 
increased emphasis on renewables by the international funding agencies for the 
developing world. However, similarly it Is also possible that the loýN" gro\\, th rates of 
the early 1990s will return if for example gas and oil prices remain lo%N,, loxý priority 
is given to renewables from government funding and social costs are not internalised. 
This could lead to growh as low as 50, o in the industry. 
19 - 1-he introduction of tievv technologv such as low-cost thin-film technoloL,. \ ýýould steepen the 
IL)pe of 
these cur\ e according to Barlow et a] ( 11)1)4). 
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Figure 3-15 below shows the future annual PVs market size under different -groNN-th 
rate assumptions. If demand for PVs continues to gyrow at 4011 o as it did in 1997 It %N-1 II 
reach an annual market of over 9,000 MWp by 2010. Perhaps more real IsticallY if 
demand grows at 21% (the average for the last 15 years) it will reach an annual 
market of around 1,400 MWp by 2010. If low growth rates of the early 1990s return 
and growth is only 5% per annum the annual market will only be around 2130 MNA'p by 
2010. According to Flavin and Lenssen (1995) the world's electric utilities install in 
the order of 60,000 MWp of generating capacity each year representing a huge market 
potential for PVs. 
Figure 3-15: Future Annual Market Size of Photovoltaics t '; nder Different Growth Rates. 
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Figure 3-16 below shows (on a logarithmic scale) what such growth rates ýýould mean 
in terms of installed capacity. At 40,21 and 5"o growth rates in the industr-N- the 
cumulative installed capacity of PVs would be in the order of '34,8 and 3 GIA'p for the 
different growth rates respectively by 20 10 and 27,892, -3 373 3 and 
II GWp respectively 
by 2030. Conventional cleancity generating capacity in the EUI-I ýNas 4-56 G%Vp in 
1991, according to the Directorate General for Energy (DG XVII, which 
indicates the potential contribution of PVs if 211o growth rates 
in the industry 
continue. The actual grow1h in the industr-\- is unlIkely to be constant and stcadv. as 
the last 15 years have shown. These graphs therefore represent the possible range 
within which the industrv will grow. 
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Figure 3-16: Future Cumulative Installed Capaciq, with Different Growth Rates. 
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if these annual growth rates are considered and the 80% learning curve of the 
previous section is assumed to continue, cost reductions can be expected in the IN 
industry. This is illustrated in Figure 3-17 below. It shows that under such 
assumptions the costs in the PV industry can be expected to fall by an average of 
around 2.74% per annum at 5% industry annual growth rates, 5.8% per annum at 21% 
industry annual growth rates and 9.44% per annurn at 40% industry annual growth 
rates. These learning curves are applied to actual costs in the PV industry in Chapter 
9. 
Figure 3-17: An 80% Learning Curve for Photovoltaics Costs at Different Industry Growth 
Rates. 
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3.8 Overview of the Market. 
As described above the overall PV market is a combination of markets. It has a 
secure market foundation in stand alone applications such as communications. water 
pumping, lighting, cathodic protection and off grid residences. It also has newer 
markets that are yet to prove competitiveness such as small scale grid connected 
markets. These in turn are much closer to being real market opportunities than large 
scale central PV plants (Hill, 1996). 
Figure 3-18 below illustrates hypothetically the growth of the PVs industry marking 
the individual points in the growth of the industry where different applications 
become economically viable (based on a description of markets by Hill, 1996 and 
EPIA, 1995). Illustrated here by an 'S' shaped curve (sigmold), the industry should 
grow exponentially until the largest markets become viable (See Hohmever, 1992). 
Moving from the relatively small markets such as satellites and remote industrial uses 
through the larger markets of solar home systems and remote houses to the very large 
markets of grid connected systems, which when economically viable should lead to an 
acceleration in the growth in the industry. 
Figure 3-18: A Hypothetical Illustration of the Growth of the Photovoltaics Market. 
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The lEA (1996b) claims that although remote applications are currently the most cost 
etlccti\, c appliCations for PV in Europe and the industrialised Far Fast, the medium 
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term focus is largely on incorporating PVs into existing structures. For utilities the 
sensible option is widely seen to be grid connected BiPV or other loýý land impact 
applications such as SAWs or Railway embankments. Thus Building integrated 
applications of PVs are considered to be a key market. 
3.9 Market Barriers. 
As we saw in the previous section the PV market has not enjoyed a steady and orderIv 
development. Growth has been sporadic, particularly at the regional level. One of 
the major reasons for this is market barriers which prevent the perfect adoption of the 
lower costs/larger markets cycle described at the beginning of this chapter. The 
market barriers that are described below reduce the effect that lower costs have on 
increasing markets, slowing down the cycle and contributi III ing to the of 
demand for PVs described earlier. The barriers hindering the market development of 
PV technology can be divided into 5 sections (See Derrick et. al., 1995). 
3.9.1 Technological Barriers. 
For example, standardisation is an important factor for market penetration of atly 
technological product. Computers provide a classic example- only after years of 
costly development did they become a consumer product following standardisation 
into personal computers (PCs). IBM compatible and Apple Macintosh computers are 
the two basic types of PC that are widely used and are internationally recognised. 
With PVs there is a wide variety of products available from a v-ariety of' 
manufacturers. A degree of standardisation would improve the penetration of PVs, it 
would enable PVs to become more user friendly. 
3.9.2 Financial Barriers. 
High costs in comparison to conventional forms of electricity provision are a barrier 
I. n themselves but are exacerbated by other financial barriers. It is often argued that 
there are policy distortions in favour of other energy sourccs, subsidies tor 
conventional electricity sources for example, unfairlý- distort the rnarket away trom 
Pvs. PVs do not therefore compete on a level playing field (Papoutsis. 199-8). 
Limited accessibility to affordable credit reduces private sector participation in 
rencwablc energý- development. This has also been constrained bý- the ab,, ence of 
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appropriate incentives and financial intermediaries for small scale decentrallised 
energy services. 
3.9.3 Institutional Barriers. 
Power utilities' unwillingness to adopt innovative approaches to ener(I" servicc 
delivery has hindered the growth of the PV industry. Historically based on lar(-Ye 
scale, power utility preferences for large centrally managed energ-ly projects are clear. 
Due to rigidities in the infrastructure of the electricity industry, such as low capital 
stock turnover,, changes in energy supply are not likely to be dramatic or quick (Shell, 
1994). 
3.9.4 Regulatory Barriers. 
The development and dissemination of PV technolop, is hindered bý' inadequate 
regulations, designed through their historic evolution to meet primarilý, the 
requirements of conventional energy systems. These include utility grid connection 
regulations and electrical safety standards. 
3.9.5 Structural Barriers. 
Since PVs is still a young industry, service structures required for the promotion, 
distribution, sales, technical assistance and maintenance are still poorly de'veloped. 
Interested purchasers have to undertake lengthy investigations to find out where to 
obtain what they need. Infon-nation dissemination structures are not vet fulk, 
developed, there is a lack of awareness and confidence among the general public and 
specifically decision-makers. There is a lack of information about potential uscs and 
specific advantages of PV technology, hindering the diffusion of the use of the 
technology. 
3.10 Support for Photovoltaics. 
These barriers combined with other distortions in the market mean that PVs arc not 
competing on equal terms with conventional forms of electrlc, tN provision. 
Members 
of tile European Parliament recently recognised the need for intervention to o\ ercollie 
these market barriers concluding that ... 
ill ., 11717, )l he !. -vp,, ctctI Mai 111 the. jorewcublt, 
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future technical progress alone will be sufficient to establi, ýh the compet "I Avnes. s (? / 
renewable energy sources on the energy markets ' 19 they poInted to support for PVs. 
Support is seen to be necessary to remove the barriers to the development of the 
markets for PVs (Shell, 1994). Support programmes have already had considerable 
effect on the PVs markets and can also provide confidence in the sustainabillt\ of the 
industry, confidence which can promote investment (Schoen et a].. 1998). The 
European market has continued to grow above the average groNN-th of the whole 
industry in recent years due to government support for gid connected PV roof 
programmes (Derrick et al., 1993). Major government initiatives are alreadv 
underway in several countries having the aim of reducing costs in order to push the 
technology past the critical threshold of 'no market - no cost decrease' and into tile 
elastic part of the demand curve illustrated in Figure 3-1 (Papoutsis, 1998). 
Policies and support for PVs can be provided at all levels, international, national and 
local. By governments, utilities 20 or organisations. Below 8 types of support for PVs 
are briefly described (See NREL, 1998). They are elaborated upon in the folloNN, 'Iing 
sections on specific supports for PVs in different regions. 
System benefits charges - Often investors do not consider renewables due to risk of 
stranded costs. Funds are therefore being set up by placing a surcharge on all energy 
use and putting the funds towards desirable projects such as renewables. 
Renewables portfolio standards - The electricity industry is facing deregulation in 
regions all over the world. In many deregulation processes, mandates have developed 
19 -ly, ), )Yid Taken ftorn Ends Dai 22 June 1998. 
20 Flectricity companies are providing significant support for PVs spurred bý deregulation and increased 
competition for electricity supply. For example Competition for household SUPPIN IS CUrrently being 
introduced in the UK, it was due to start in 1998. Regional Electricity Companies ývho are prominent in 
support of renc\\, able energy sources such as PV could attract customers from other competitors. 
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requir-Ing that at least a specified percentage Of competitively sold electricity must 
come from renewables often specifically from PVs. 
Net metering - Allowing two-way metres to be Installed bY system owners mean that 
they get the full retail value of electricity. This measure is especially effecm-e in 
areas which have high retail rates for electricity 
Capital subsidies - Capital subsidies have been provided in a variety of countries, 
usually on a f/kWp type basis helping to reduce the high capital costs. 
Tax Incentives - Exemption from sales tax on PV system purchase, exemptions from 
property tax or even income tax credits to system owners have all been applied to 
help encourage the use of PVs. 
Low Interest Loans - Green mortgages, consumers benefit from purchasing homes 
that use energy efficient design or renewables. Such home owners can qualitý, for 
preferred loan packages and larger mortgages because of their projected savings on 
future utility bills. Other schemes have set up solar banks which provide loans at 
preferential rates to investors in PVs. 
Buyback rates - Consumers compensated for every kWh generated. There is (,,, rowin Z) 9 
support for rate based incentive schernes to buy back power at premium rates to 
encourage consumers to accept the new technology. 
Green Pricing - Utility customers interested in supporting the use of reneNvables to 
generate electricity can opt to pay a premium on top of their normal bill to help fund 
PV systerns owned by the utility. Other green pricing options include custorners 
purchasing shares of PV capacity or paying fixed monthly fees. Green pricing, is 
becoming an increasingly popular means of raising revenue to finance renewabIcs 
3.11 Regional Profiles of Support for Photovoltaics- 
Mis section describes some of the support programmes deploýcýl in countries \\ith 
large application of PVs as an illustration of the connection between application ol' 
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PVs and support. It also describes some of the support activities set up by 
international organisations in support of PVs. 
3.11.1 Support in the USA. 
As Figure 3-2 and Figure 3-3 in Section 3.2 show the USA has installed a lart. -Ye 
number of PV systems. It is no coincidence that the USA has also provided a large 
amount of support for PVs in programmes at Federal, State and utilltv level. Federal 
efforts to support PVs began in the 1970s. For example under the Public Utilities 
Regulatory Policy Act (1978) utilities have been required to buy power from owners 
of PV systems and other independent producers of electricity and tax credits have also 
been used to spur PV system use since the late seventies. In the early 1980s large 
scale projects were supported such as those at Carissa Plains (Rannels, 1994). 
More recently in the 1990s support has increased significantly. For example PV MaT 
a manufacturing technology initiative was run to promote progress in the industry to 
overcome technological barriers ensuring investment in state of the art production 
technology and capacity increases. It was initially run from 1990-95 during ýýhich 
tirne around f64 million ($100 million) was invested by government and industry 
(Mills, 1996). 
In 1991 the US Department of the Environment (USDOE) launched the SOLAR 2000 
programme to accelerate the use of biomass, PV and solar thermal technologies. It 
aims to develop partnerships with key stakeholders including the PV industr-\, 
utilities, regulators, international organisations and federal and state agencies in order 
to promote technology development, R&D improvements in manufacturing processes, 
and the accelerated development of commercial markets. The national photo\oltaics 
programme forms part of this initiative and has the aim of reaching 1000 MWp of 
21 dornestic market and 500 MWp overseas market by 2000 
In 1992 the PV-BONUS - Building opportunities in the US - programme 
for ll%'s 
began. With funding of around f-1-5 million (S40 million), through cost sharing, the z: - 
21 Taken from trade literature ftom the t'S National Centre for Photovoltalcs ( 1998) 
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year programme aimed to develop a market and industry for PV technolon, in the 
building sector based on the delivery of reliable, cost effecti%-e PV products for use in 
buildings (Rannels, 1994). 
A scheme called the Thin film PV partnership run by the US DOE and the National 
Renewable Energy Laboratories (NREL) is running from 1995-99 with funding in the 
region of around f77 million ($120 million) with additional industry cost sharing, 
The aim of this programme is to provide a sustained focus on thin films (Mills. 1996). 
More recently the I million roofs program was announced by President Clinton in 
1997 with the aim of helping to reduce greenhouse gases (GHGs) as part of the 
climate change programme and increase employment in a hi-tech industry (Rannels, 
1998a and IEA, 1996b). Under the I million roofs programme a fund of around t 3.2 
million ($5 million) will be available from 1999 to support business ventures that 
expand commercial use of PV. The key to this programme is giving consumers 
access to low interest loans and grants by forming partnerships. In Januarv 1998 tax 
credits equal to 15% of cost of roof systems up to around f 1,280 ($2000) dollars for 
home owners and businesses who install systems between 1999 and 2005 has also 
been announced. The announcement of such supports commencing in 1999 is 
believed to have caused a down turn in sales in 1998 as potential system owners await 
the tax breaks and low interest loans in 1999 (IEA, 1998). 
At state level, support for PV varies considerably. For example in Arizona a 
renewables energy portfolio standard target of 0.50o of electricity supply from PVs in 
1999 has been adopted increasing to 1% in 2002 which could lead to 75-130 MWp of 
PV capacity being installed (NREL. 1998). In California a pool fund has been set up 
through a surcharge on consumers. This will raise f35 million (S_54 million) to 
buy 
down the costs of more than 10,000 PV systems during 1998-2001. A low interest 
loan prograrnme, administered through a solar bank. has also 
been set up primaril\ for 
consumer based PV systerns (NRI-'L, 1998). Net metering i's supported in more 
than 
20 states and as shown in Table 3-1, several states offer tax incenmes to 
PV ý\steni 
owners. 
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Table 3-1: Tax Exemptions in the L'S. 
Tax Exempt From States in "hich exemption exists 
Sales Tax Arizona and Flonda 
Property Tax Connecticut, Nevada. \eýN Hampsliire 
Personal Income Tax Credits I Hawaii, Massachusetts. \orth Carolina 
(Source- NREL. 1998) 
Action by Utilities is also high in the USA. In 1986 the USDOE joined xvith Pacific 
Gas and Electric, the Electric Power Research Institute, the California Energy 
Commission and others to fund a demonstration project called PVUSA (Photo-voltaics 
for Utility Scale Applications). The idea of the programme xvas for a consortium of 
utilities with interest in PVs to partially fund new projects in order to (- I ,an first hand 
experience with handling PV systems. PV4U (Photovoltaics for utilities) is a group 
composed of mainstream utilities, regulators, PV industry, state, local and I-ederal 
government and trade associations with the common purpose of attacking the barriers 
preventing the widespread adoption of PV. 
The Utility photovoltaics group (U-PVG) was set up specifically to represent the 
utilities perspective. It was self managed by the electric utilities themselves and 
functions autonornously with the broad aim of commercial isation of PV. The UPVG 
initiated the TEAM-UP (Technical Experience to Accelerate Markets in Utility 
Photovoltaics) programme (IEA, 1996a). It was a4 year utility PV purchase 
programme with USDOE shared risk to get the process moving. The USDOE 
provides about 30% of the funds needed for the programme. More than 1000 svstciiis 
are due to be installed by the UPVG, haN ing a goal of 50 MWp, 8 MWp of grid 
connected PV systems have already been contracted with capital subsidies and 
consumer rebates (NREL, 1998). 
Individual utilities vary in their support for PVs. The Sacramento Municipal Utility 
District (SMUD) has prornoted both large and small scale grid connected PV system,, 
with the philosophy that development of PVs can be accclerated if thcre i's a 
consistent and growing demand for them. If SMUD customers arc Willing to pa\ aii 
extra S4-6 per month on top of their regular electricity bill SMUD will install a PV 
svstem on the customer's roof The clectricit\ -, cnerated tecds 
directly into the 
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distribution grid. This program is very popular with twice as manY sul icants 'table appli 
as places on the programme and hundreds of systems have been installed (Mills, 
1996). 
in developing overseas markets the USA's 21 st Century Programme is a joint -ý enture 
programme focused on developing a sustainable alternative for meeting the eneroy I= - 
needs in Latin America and the Caribbean Region using renewable energy and energy 
efficiency. For example in Mexico the USA has provided training and technical 
assistance to ensure the sustainable use of PVs in rural areas. 
3.11.2 Japan. 
The Japanese government has set ambitious targets of 400 MWp installed capacity in 
Japan by 2000 Increasing to 4600 MWp by 20 10 (Konno, 1998 and Luchi, 1998). The 
'New Sunshine' Programme is the programme that has provided the support for PVs. 
It has been running since 1974 to favour the development of sufficient alternatkc 
sources to supply a considerable portion of the total energy needs. For PVs the 
objective is to develop the technology and stimulate the market sufficiently to enable 
large scale production benefits to be exploited. 
In 1994 the 70,000 PV roofs programme was launched by the Japanese Ministry of 
International Trade and Industry (MITI). It is a subsidy programme for grid connected 
residential buildings with the aim of supporting the installation of a total of 70,000 
systems on houses by 2005. It provides a maximum subsidy of 50% of the systcIll 
cost or f5,770/kWp up to a maximum of 5 kWp (Archer, 1996 and Luchl, 1998). 
Eligibility for the subsidy requires residents to have a net metering arrangement xN'ith 
their utility. The programme was started in 1994 xvith an annual budget of around 
f22 million which has increased to around f56 million bN' 1997. Since 1974 the 
Japanese Government has invested over f400 million on PVs ýKonno, 1998 and 
Luchl, 1998). 
3.11.3 European Union. 
The European Union (EU) has recently announced targets to double the rencwables 
0, o of total electricit\ supplý by 20 10 - contribution to electricity supply from 61 to I 5ý, " 
H-', 
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without excessive financial burden - through measures and actions to overcome 
obstacles and redress the imbalance in the electricity industn' (Papoutsis, 1998). 
According to a recent White Paper on renewable energy-ý-" this implies around '1.000 
MWp of PVs being installed by 2010, equivalent to 0.5% of electricity production and 
less than 10 Wp per person. As part of this aim a target of 1,000,000 PV roofs has 
been set, 500,000 in the EU and 500,000 in developing countries (Booth, 1998). PVs 
have received support under a variety of programmes in the EU. These include- 
JOULE (Joint Opportunity for Unconventional Long-terrn Energy supply) R&D 
programmes from DG XII which have the objectives of guaranteeing supply to 
improve quality of life, taking energy environment interactions into account and to 
stimulate innovation in energy technology (Grubb, 1995). 
THERMIE is a demonstration programme started in 1990 to prove the technical and 
economic viability of new technologies. By supporting sufficiently large scale 
applications under real operating conditions the programme enhances the spreading of 
technological know-how. For PVs initial emphasis was put on applications with 
acceptable costs such as telecommunications, remote pumping, remote buildings and 
energy supply for remote villages. Since 1991 60% of PV projects under THFRMIF. 
have been grid connected. By 1994 projects with an installed capacity of over 4.2 
MWp had been installed covering a range of applications from small remote power 
supply through to large scale central power plants. TFIERMIE provides 401 o of costs 
of projects as well as funding studies and promotional activities (EAB, 1997). 
The ALTENIR programme began in 1993 with the aim to favour the development 
and penetration of renewables in the European Union, to increase the contribution of 
renewables in Europe and increase trade in renewable encrgy products intemationall\-. 
The ALTENER programme began with the specific targets of 180 million tonne 
reduction in CO, emissions by doubling the use of renewables from 4'o to 80o of total 
22 The EU White Paper outlines a set of proposals by the European Commission in which member state-s 
have agreed to push renewables on environmental, job creation, local and regional development and 
iniporl reduction grOUnds 
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energy consumption between 1991 and 2005 and trebling production of electricity in 
Europe from renewable energy sources (excluding large scale hydro) (Derrick et. aL, 
1995). The original ALTENER programme ran from 1993) to 1997 and has been 
succeeded by ALTENER 11 which will run from 1998-2002. ALTENER 11 updated 
the objectives of the ALTENER programme by having the target of increasing the use 
of renewable energy sources from 6% of total European Union energy consumption in 
1996 to 12% by 20 10 (Brook, 1998). 
The PHARE programme from DG I was set up to assist Eastern and Middle Europe 
with the necessary economic reforms. Typical projects addressing the PV sector have 
included a marketing study and a training programme on PV energy in Poland (Grubb, 
1995a). 
The Lome convention from DG V11 support projects in African, Caribbean and 
Pacific Countries. Under this convention the single largest programme of its kind was 
started in 1989 to install PV water pumping and small PV sources for communitN, use 
in the Sahel region of Africa. Nearly 1400 pumps powered by PV systems were 
installed by 1993. The Sahel Regional Solar Programme (RSP) - the EU regional 
programme for the use of PV technology in the Sahelian countries - started in 1991 to 
foster widespread use of PV in the community for rural lighting and medical 
refrigeration. It has resulted in a total installed capacity of 1,257 kWp. This is 
funded jointly by the RSP fund, national host governments and end-users. Prices 
remained fixed for the 4 year programme. The end-users paid for the systems but the 
govcrnment money supplied the infrastructure (EPIA, 1995). 
Up to 1993 EU support for PVs amounted to around f 100 million (EPIA, 1995) 
However on top of this some individual member states have given support to PVs, 
sorne of the more prominent countries in Europe are discussed in the sections beloý\- 
3.11.4 Austria. 
Austria has set a national target of 33% for new renewable electricitv contribution to 
total electricity supply bv 2005 (lEA 1996b). PVs have been gyiýcn support as a 
technology that Nvill contribute to this target. For example, the -200 
kAVp rooftop 
114 
Chapter 3: The Markets for Photo% oltaics. 
programme was launched in 1992. Support under the rooftop programme amounted to 
around f4,000/kWp for the owner of the system paid for by the Electric Utilities 
Association, Local Electricity Utilities, the Ministry of Commerce and the Ministry of 
Science and Research. Several local district authorities have offered additional 
funding for residential PV systems - up to 50% of system costs in some areas (Wilk, 
1994). 
3.11.5 Germany. 
According to Weiss (1998) rate based incentives, green pricing models and market 
introduction programmes have led to a huge increase in PV module installations in 
Germany. The PV industry in Germany is such that it now has companies that can 
produce the whole range of PV products and components. As illustrated in Figure 3- 
19 its domestic market has experienced an average annual growth of 85% between 
1990 and 1997, it grew by over 200% In 1990 and 1992. 
Figure 3-19: The German PV Market in the 1990s. 
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Industry turnover in Germany was around 02 million In 1997 and by the end of 1997 
Germany had over 42 MWp of installed capacity, 79% of which were grid connected. 
Annual installed capacity was 5.4 MWp in 1995,10.5 MWp in 1996 and 14 MWP in 
1997 (Weiss et al., 1998). As described below much of this groxNlh can be attributed 
to support given to PVs from Government and utilities. 
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According to a federal law of 1991, utilities in Germany are obl"ged to buy electricitv 
from renewable sources for at least 90% of their average sellin-L). price %vhich \\-a s 
around 7 p/kWh. The BMFT (Federal ministry for Research and Technolol-TV) is 
supporting a variety of activities, ranging from basic research in nex\,, materials to field 
tests of complete PV systems. In 1994 f95 million was spent on PV R&D out of a 
renewables budget of around 007 million. Since 1986 f 845 million has been spent 
on PVs research in Germany. Ad hoc market introduction programmes by the Federal 
Ministry for Economy (BMWi) and some federal states accounted for 20ýo of the PV 
capacity installed in 1996-97. 
The most well known support for PV in Germany is the 1,000 roof programme which 
generated 60,000 enquiries resulting in 2,250 gid connected installations in the 1-5 
kWp range during 1990-1994. Total installed power from the programme was around 
6 MWp. Started jointly by the BMFT and the government of the Federal States the 
programme also involved the Gen-nan Association of Utilities amongst others. Under 
the scheme a subsidy of up to 70% of the costs of PV systems is pro'. "Ided. Most of 
the systems were installed in 1992-94 and contributed substantially to the growth in 
the Gen-nan PV market in 1992. The high cost of the 1,000 roofs programme is a 
possible factor in it not being continued (Jackson and Lofstedt, 1998). 
At Lander level support varies. In Saxony, installations get a subsidy of f3.90/Wp, in 
Saarland a subsidy of f2.35/Wp is provided combined with a buy back rate of 
19.5p/kWh for the electricity produced but in Brandenburg and Northrhine a subsidy 
of 500o of the investment is provided (Palz, 1996). 
At utility level the biggest utility in Germany RWE has paid around 78p Wp on top of 
other subsidies. Bayerriwerk power utility has initiated programmes including 
citizens for solar power, sun at school and sun at city hall programmes %\hich ha\e 
been followed up by BMWI (Weiss et al., 1998). In many German cities utilities are 
obliged bV the citv council to pay the owner of small grid connected PV s\ stems rate 
based incentives for the PV energy supplied to the grid. By the end of 1997 in 50 
cities the municipal utilities were paying between 40-80 p/k-A'h for a period of 10-210 
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years. This kind of scheme alone has created a PV market of 2 MWp per Near 21 and 
12% of installed power in 1996-97 was attnbuted to such schemes (Weiss et al., 
1998). 
3.11.6 Italy. 
Up to 1994 Italy had the largest installed PV capacity in the European Union xvith 
11.6 MWp installed capacity. The Italian renewables program assigns highest priority 
to PVs. Hydro power has been developed as fully as is reasonable and wInd is not a 
big resource therefore large targets for PVs have been drawn up in the Italian NEP 
(National Energy Plan). The 10,000 rooftops programme emerged from this 
commitment, it is a5 year programme providing economic incentives of 75-800,, 0 of 
system costs for residential, industrial and agricultural applications (Garozzo et. al., 
1998). 
Other laws have introduced an obligation for ENEL (the National Electricity Utll]tN/) 
to purchase any excess power produced by renewable energy self producers. The 
purchase price is set at a rate of around 9 p/kWh but this only applies to projects not 
taking advantage of the 80% public financing law. 
3.11.7 Netherlands. 
In the Netherlands targets have been set for the installed capacity of PV to reach 7.7 
MWp by 2000,100 MWp by 2007,250 MWp by 2010 and 1400 MWp by 2020 
(NOVEM, 1998). These targets are supported by a PV introduction plan, drawn up by 
the ministry of economic affairs, power companies, the PV industry, the construction 
sector, research institutes and NOVEM (Netherlands Agency for Ener& , and the 
Fnvironment) to promote the use of PV. It included a long term view of the PV 
industry, intensive stimulation of the PV market, scaling up production and 
continuing R&D activities aiming for a balanced deý-elopment of technology and 
markets (NOVEM, 1998). The Dutch ministry for economic affairs has earmarked 
tens of millions of gilders for measures leading to the large scale introduction ot',, olar 
power for R&D, industrial follow up and large scale demonstrati . on. It is hoped that 
*11 
According to NREL (1998). 
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this will enable large-scale use of PV after 2000 in what they have termed the 'new 
solar age' (NOVEM, 1998). 
The Dutch govemments' PVs programme from 1996-2000 has an average annual 
programme budget of around f 13.5 million rising from f6.5 million in 1996 to f 18 
million in 2000.90% of this budget will be spent on subsidies aimed at smoothing 
the way for a huge market. Support of both close to cost-effecti\e stand-alone 
applications as well as grid connected systems is provided by means of an investment 
subsidy of about f2.35/Wp. An investment subsidy of f 3.5/Wp is given to stand alone 
PV systems. 
As part of a PVs in the built environment programme the Dutch government intends 
to have 100,000 homes fitted with panels by 2010. This will enable experience to be 
gained and problerns to be overcome, stimulating cost reductions, standardisation and 
improved efficiency for systems and promote the scale up of production capacity. As 
part of this programme a scheme of 1.2 MWp on 501 houses in Amersfoort has been 
completed and plans for a 1,800 house project of 3.8 MWp is being put together. 
Other incentives for PVs in the Netherlands, according to Palz (1996) include green 
VAT at 6% (instead of 17.5%) on system components and green funds for projects at 
4% interest with no income tax on the inputs from investors. 
3.11.8 Switzerland. 
Svvitzerland has the largest per capita PV capacity in Europe. Through its ener2N, 
2000 programme the Swiss Govemment aims to expand the 2 MWp of installed PV 
capacity at the end of 1991 to 50 MWp by the turn of the century (Haas, 1998). 
The PACER programme brought together commerce, industry. Schools and the 
Federal Government in an attempt to promote the use of renewable energy sources It 
aims to provide engineers and architects xvith the knoxN-led(-)c needed to appl\ P""' 
technoloo, v. The federal government is supporting all PV grid connected installations 
on school buildings with a payment of around f--). -SO! 
Wp. The Smss go\erriment ai . rn s 
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to have at least one PV system in each of the countries 33,029 villages by the end of 
this decade (Meier et. al., 1997). 
Under the energy utilisation resolution (1990 publi ies are ic power supply compan' 
obliged to purchase the electrical energy produced by self sufficient users and 
individual producers using PV, wind, CHP and mini hydro and reimburse them at an 
appropriate rate. A special committee negotiates the applicable reference prices for 
reimbursement every year, these prices are then applied in the whole of Switzerland. 
The prices have been in the range of 13.5-18.5 p/kWh. In the town of Burgdorf the 
local utility has applied a levy of 1% on electricity bills to create a fund which is used 
to buy back PV generated power at preferential rates. The town now has 10 Wp 
installed per person which for 15,000 inhabitants means 150 kWp. Net metering is 
also common in Switzerland (Haas, 1998). 
3.11.9 The UK. 
The UK is not one of the leading countries when it comes to domestic markets for 
PVs or total installed capacity. However, it has a number of companies involved in 
the industry including BP Solar's R&D complex at Sunbury-on-Thames and Intersolar 
-a manufacturer of a-Si modules. There is also a range of other companies involved 
with the promotion and application of PVs predominantly in foreign markets. The 
lack of a domestic market for PVs in the UK is not surprising when the level of 
government support for PVs is considered. The UK research, development and 
demonstration spending for all renewables put together was approximately f 15million 
(m) per year in 1992 (Olivier, 1992). More recently in 1998 it has been announced 
that up to f23m will be made available for renewable energy projects in England and 
Wales over the next 20 years under the fifth round of the Non Fossil Fuel Obligation 
(NFFO) but none of this, under current conditions, wl II go to pVS4 
The NFFO is a universal fee levied on all electricity sold so as to collect funds to 
finance public service functions which are not implemented b-y the utilities. thIs 
provides funds for demand side management, renewable eneruly sourcc, ý and nuclear 
2-1 Fnds Daily, 24"' Sept. 1998. 
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generators. For the renewables portion of this fund the proceeds are used to pay 
selected renewable energy producers the difference between their costs and the 
electricity pool price. There are several reasons whv PVs have not received support 
under this scheme. ETSU (1994a) in an assessment of renewable energn, for the UK 
concluded that PVs were not likely to be viable in the near to medium term. Thev 
were not considered to be an 'economically attractive' technology and were 
subsequently omitted from NFFO funding programmes. The scheme has been 
successful for other renewable technologies With 538 MWp of renewables capacity 
supported under the scheme 25 and the latest round NFFO 5 is expected to add a 
further 1,177 MWp none of which is pVS26. 
There is a PVs Government programme managed by the Energy Technology Support 
Unit (ETSU) within the Department of Trade and Industry's (DTI) New and 
Renewable Energy R&D programme. This aims to develop a better understanding of 
the technical economic and commercial prospects for PV in home and oN, erseas 
markets and informing policy makers, electricity companies, related industry and 
others such as architects of the opportunities. The Engineering and Physical Sciences 
Research Council (EPSRC) also has afI million PV research programme comprising 
8- 10 projects under its clean technology programme started in 1995. 
The UK Office of Science and Technologies has set up the Technoloj1Y Foresight 
Programme, aimed at identifying 'key opportunities' for creating wealth and 
improving quality of life in the UK over the next 20 years. The Technology Foresight 
I'nergy Panel, Within this programme, identified PVs as a key energy option both for 
research and commercial exploitation by industnr (Archer, 1996). The Scolar 
programme has developed from this initiative. It aims to provide 100 schools or 
colleges with architecturally integrated PV systems. The scheme aims to pro\ide 
ground breaking research into the elements which are used as building components. 
'5 Although as Jackson and Lofstedt (1998) highlight there \%as a significant difference between the 
capacity of contracts awarded and plants actually installed under the first -4 \FF0 round, Reasons 
identified for this shortfall are failure to obtain planning perniission and unforeseen cost increases 
2(ý Fnds Daily, 224h Sept. 1998. 
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With 50% government funding in place, plus the expertise to deli\-er the product, the 
third part of the plan involves the co-operation of users, the schools themsekes. The 
project involves universities, private companies, specialist organisations as ýNell as co- 
operation from regional electricity compames. The project budget around f 
million, fI million from Government, fI million from the project consortia and the 
rest from the schools themselves (Wolfe, 1996). 
Applications have also been made to the Millennium Commission for funding 
projects including PVs. The Earth Centre being built in South Yorkshire won funding 
from this source but needed to get matching funding from industry and has struggled 
to do so reducing the size of the project (Noble and Shaw, 1996). 
3.11.10 International Organisations. 
There are also international organisations supporting PVs. For example, 1 -1 
in 199' the 
International Energy Agency (1EA) established the Photovoltaic Power Systems 
Programme (PVPS) involving 15 member countries in a co-operative programme for 
research development analysis and information exchange. To promote development 
and demonstration, enhance acceptance and foster market deployment by utilities, 
public bodies and private users. The programme was divided into a number of tasks 
such as. 
Task I- to facilitate the exchange and dissemination of information on the technical 
economical and environmental aspects of PV power systems. (Weiss et al., 1998) 
Task VI - design and operation of Modular PV systems for large scale power 
generation for peaking and long terrn base load power generation. 
Task VII - PV in the built environment launched in the spring of 1996. 
The World Bank disburses around $3 billion per year for energ; y prQjects and has 
helped fund a number of programmes in support of PVs (IEA, 1998). The PV Market 
Transfon-nation Initiative (PVMTI) - administered by the International Finance 
Corporation (IFC) in co-operation with the World Bank, will use S25 million of 
Global Environment Facdity (GEF) funds to support pri\ate sector competiti\cl\ 
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solicited PV market development pr 'ects in India, Kenya and Morocco. With 01 w 
leverage 27 $100 million will be invested in total (McNells 1998). 
In 1989 the World Bank's Energy Sector Management Assistance Programme 
(ESMAP) in association with the USDOE, the Netherlands ministry for Development 
Co-operation, the Asian and Pacific Development Centre (APDC), private sector 
organisations and host countries initiated HNESSE (Financing Energgy Services for 
Small-scale Energy Users to overcome financial and institutional constraints of using 
PVs. The HNESSE programme focused initially on countries in South East Asia and 
specifically Indonesia, Malaysia, Philippines and Thailand. It alms to enhance project 
opportunities for PV and other alternative energy technologies in the developing 
world by working closely with international financing institutions and host countries. 
3.12 Summary Discussion and Conclusion. 
This chapter has illustrated that the PVs market is diverse and complex. As would be 
expected of an industry that is still developing the markets are steadily growing in size 
as a cycle of lower costs leading to larger markets, leading to further cost reductions 
evolves. The industry is therefore associated with falling costs and growth. The 
cycle of lower costs and larger markets is currently relatively slow when compared to 
how it is expected to develop. The demand for PVs is arguably relatively 
unresponsive to cost reductions at present, hampered by the market barriers described 
in section 3.9 but also by the relatively small size of economically viable markets. 
There are a large number of economic niche markets for PVs in a diverse range of 
applications. Such 'pioneer' markets are well established but are typically small scale 
and remote from the electricity grid in areas such as telecommunications and cathodic 
protection. Such markets will continue to emerge, this is evident for example, by the 
application of PVs in the UK such as for powering greasing mechanisms on the rali 
tracks at Waterloo station, car parking meters in town centres throughout the country 
and navigational aids in estuaries. 
An average of 25'o of moneý from projects wIII come ftom the PV %lTI budget. The rest vAl come 
trorn other partners, be that uovernment or pnvate sector. 
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Growth in the industry has been erratic but high with an average growth of 21 O/o in the 
last 15 years. The erratic nature of this growth has been affected by government 
policies that arguably in tum can be affected by the economic prosperity of the 
country. A govemment whose country is experiencing recession may relegate 
environmental issues and innovative programmes to a lower position on its' agenda, it 
is unfortunate for PVs that it falls into both these categories. The effect of this 
disadvantage was probably most evident in Japan where the PV market contracted 
between 1992 and 1994 whilst the country was experiencing recession. 
Generally, support for PVs is gaining momentum. By June 1996 the IEA estimated 
that $3 billion had been injected into research, development and demonstration of PV 
technology (IEA 1996b). If such funding continues and national targets, such as those 
in the US, Japan, the EU and the Netherlands, are met then the PVs market should 
continue to grow at high rates as it has done in recent years and costs should fall 
stimulating the market to grow. BiPVs have received a significant amount of this 
support in recent years and such support has been a notable factor in the growth of 
this market. 
Prospects for the future of the industry to continue to grow are good, particularly 
considering the companies that have become involved in the industry. These include 
major oil companies, major electronics companies and utilities. Significant cost 
reduction can be and are expected particularly if current growth rates continue. This 
finding is important to the consideration of the viability of PVs as an electricitN, 
supply technology. 
This chapter has put the BiPVs market in the context of the whole PV market. It has 
also provided justification for the consideration of BiPVs in this dissertation. BiPVs 
is a market that, if economic N, iability is achieved, could trigger the large scale 
deployment of PVs as an energy technology bridging the gap betNveen the small scale 
system market and the bulk power provision market. Pushing the industrx past the 
threshold of inelastic demand into the elastic part of the demand curve when Nvide- 
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scale use of PVs will be achieved and they will make a substantial contribution to 
meeting the electricity needs. Questioning the viability of BIPV systems is therefore 
an important issue in considering the viability of PVs as a whole. 
This chapter has provided justification for the consideration of the ý'iabilitv of BiPV 
systems. BiPV systems have received a lot of interest in terms of government 
support, highlighted in Section 3.11. The BiPVs market is also believed to be the 
closest of large scale markets for PVs to be viable in order to meet the electricity 
requirements of the industrialised world. Assessment of viability is of crucial 
importance in determining whether the support given to such technologies can be 
justified. 
More specifically, justification for considering BiPV cladding systems in particular 
can be made by considering that such systems would typically be installed on 
commercial, public or academic buildings. On such buildings, the 9-5 demand for 
electricity correlates well with electricity supply from PVs enabling the electricity to 
be used within the building on which the panels are placed. PV panels can be 
considered as a direct replacement for conventional cladding materials such as glass, 
aluminium or steel. Conventional cladding materials can also have substantial costs 
so that the consideration of the use of PVs instead of such materials will have 
maximum economic benefit. These issues will all be dealt with in more detail in 
Chapters 6 and 8. 
This chapter also provided justification for choosing p-Si and m-Si PV modules as the 
technology under consideration. It has shown that x-Si (which includes both m-S1 and 
p-Si modules) are produced in the largest volumes and are currently the most 
commonly used technologies, especially for grid connected systems. 
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4. Theoretical Framework: Methodology and Data. 
This chapter provides a description of the conceptual framework on which the 
quantitative analysis in this dissertation is based. It also provides an introduction to 
the methodologies used within this framework and how they are applied. The chapter 
is divided into 4 sections. Section 4.1 describes the underlying focal theory 
underpinning the analysis in this dissertation drawing economic, environmental and 
policy perspectives together. Section 4.2 describes the methodologies used to assess 
the viability of PVs from environmental and economic perspectives and theories used 
to combine these perspectives. Section 4.3 describes the data sources used in this 
dissertation and Section 4.4 summarises and concludes this chapter. 
4.1 The Focal Theory. 
This dissertation examines the viability of BiPV cladding systems by combining 
assessment of the cost of this technology relative to the cost of conventional 
electricity supply technologies. It is concerned with cost In a broader sense than the 
economic cost that currently dominates decision making. Rather this dissertation 
considers environmental costs in addition to economic costs to provide a broader 
picture on which to base decision making. The relevance of applying such an 
approach to consideration of energy technologies is ob,,, -Ious given recognition of the 
environmental costs associated with energy technologies (introduced in Chapter 1). 
This dissertation therefore combines methodologies concerned with economic 
principles, from a micro-economic or business oriented perspective with 
environmental principles from a socio-political perspective. Such an approach is 
supported by the idea that a combination of these perspectives will allow more 
informed decisions to be made. However, a problem arises when the economic and 
environmental costs give conflictim, results. Renewables such as PVs are an example 
of this. Their current relative expense when compared xvith conventional electricity 
sources contrasts with their superior environmental performance. As Figure 4-1 
illustrates these perspectives will be brought together under a policy Framework that 
incorporates both the economic and environmental cost perspectivcs so that such 
trade-offs between economic costs and environmental benefits can be incorporated 
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into energy policy decision making in an objective manner. The shaded area of 
Figure 4-1 therefore represents the focus of this dissertation. 
Figure 4-1: Theoretical Framework - The Combination of Economic and Environmental 
Perspectives with a Policy Framework. 
Policy 
0. .0#.. 
.0# 
4.2 The Methodologies Used. 
This dissertation uses 3 main methodologies to assess the viability of BiPV cladding 
systems. These are energy analysis, life cycle inventory analysis and economic 
analysis. An introduction to these methodologies is given below. 
4.2.1 Energy Analysis. 
Energy analysis, also referred to as energy budgeting, energy accounting or energy 
costing, is a method for calculating the total amount of primary energy required to 
provide a good or service 'analogous to the method accountant. ý us-c to e. wahlish the 
prqfit andloss accounoý (? I'an enlerpri. ýc ' (S lesser, 1978, p123). It was developed as a 
methodology in the 1970s when concern about resource depletion arose. The oil 
price shocks of 19733 increased the impetus to use energy analysis in energy polic% 
decision making. This lead to a set of conventions and a core methodolog" being 
fon-nulated by the IFIAS I in the mid-70s. These enabled energy analysis to become 'a 
II I'he International Federation of Institutes of Advanced Studies. 
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well established practice which has provided a valuable input i. n supportOIJCCLS 1017 
makers in the energyfield' (Roberts, 1980). 
A full energy analysis includes direct and indirect energy, not only the energy used in 
the final process but also that embodied in the manufacture of materials and 
machinery used and transportation of resources between processes (indirect energý'). 
It should also include all the stages of the life cycle of the product or serN, -1ce. For PVs 
the basic life cycle is illustrated below in Figure 4-2. It covers everything from 
extracting and refining materials from the environment right through to disposal of 
the PV system at the end of its useful life. 
Figure 4-2: Systems Diagram of the Current Energy Life Cycle of Photovoltaics. 
Mining and Refining 
of Raw Matenals. 
Manufacture of System Components 
(PV modules, inverters, support structures etc. ) 
I Installation of the PV system I 
Energy 
Input 
Use of the S-N, stem 
(Including Operation and Maintenance. ) 
I 
IDecommissioning of the System. 
P, 
In reality a complete data set for all the energy embodied in these stages are 
I. nipossible to obtain for any technology particularly a new technology like PVs. 
Anahvsts therefore aim to collect all the data necessary to make the results accurate, 
usually to within 50, o and hence contributions insignificant at this leýcl of accuracy 
are often neglected (Boustead and Hancock, 1979). 
According to Boustead and Hancock (1979) there are 2 basic methods of enervy-v I -- 
analysis, 
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Statistical Energy Analysis uses published statistics of production output and energy 
use of an industry to estimate the energy use per unit OUtpUt2 . This may be presented 
in the form of input/output tables in which the energy flow is shoNvn bv the 
relationship between products in the form of a matrix. 
Process Energy Analysis involves evaluation of the fuel and material inputs to a 
process. All equipment, raw material and fuel inputs to each stage of the process are 
traced and the energy values are added up as the flow proceeds to output which 
requires detailed investigation. 
The former requires reliance on data which are aggregated and often incomplete 
whilst the latter is very time consuming. Quite often a combination of the two is used 
where statistical data are used to provide the indirect energy inputs in a process 
energy analysis. 
Energy comes in many different forms and qualities. For example ajoule of energy in 
the form of heat is not equivalent to a joule of energy in the form of electricity as 
electricity is more useful, it has a higher exergy3' than a joule of heat. It is therefore 
essential that energy analysts are consistent in their treatment of energy (Boustead and 
Hancock, 1979). As Mortimer (1993) also explains the theoretical comparison of 
energy inputs and outputs must in practice be carefully qualified. He uses the 
example where electricity is the output. There are thermodynamic reasons why one 
unit of energy in the form of heat cannot produce one unit of energy in the form of 
electricity and so in comparing the two types of energy care must be taken so that like 
is compared with like. In this instance the electrical output is usually converted to the 
primary energy equivalent which means multiplying it by a factor of at least 2.86 
(equivalent to dividing by 35%) to take into consideration the efficiency of thermal 
energy conversion to electricity. 
2 This form of analysis doesn't allow for the energy content of raw materials or the primary energy 
requirement of the converted forms of energy to be included and has problems of aggregation (Prakash. 
1988 and Chapman, June 1974). 
1 Exergy is a measure of the quality of energv 
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The factor used depends on the method used. In this dissertation the primary energry 
input into the electricity source that the electricity from PVs replaces is used. This 
therefore depends on the source of electricity that the PV supply is replacing. It is 
assumed to be the average European electncity mix in this study', therefore a factor 
of 3.15 is used to convert the electncal output of a centralised PV plant into the 
equivalent primary energy (based on the data from Frischknecht et al., 1994). This is 
because it takes 3.15 MJ of primary energy to produce each MJ of electricity from the 
average European electricity mix. For BiPV systems a factor of 3.65 is used as it is 
assumed that the electricity from the BiPV systems is used within the building on 
which the system is placed and so the electricity supplied by the system has a higher 
value as it replaces electricity supplied to the point of use (also based on the data from 
Frischknecht et al... 1994). This increase from 3.15 to 3.65 therefore represents the 
transmission and distribution of electricity to the point of use (i. e. assumin(-, the 
average European mix it takes 3.65MJ of primary energy to generate and supply I MJ 
of electricity to the point of use). This will be illustrated further in chapter 7. 
The unit of energy used can also vary. Usually either multiples of watt hours (kWh, 
MWh etc. ) or Joules (TJ, MJ etc. ) are used. A MJ of primary energy equivalent is the 
unit of energy that will be used for the energy analysis sections in this dissertation. 
Energy analysis can be used by decision makers in two basic ways. To test the 
physical validity of energy supply technologies and/or as a basis for evaluating the 
environmental implications of energy supply technologies. 
Using Energy Analysis to Test the Physical Validity of Energy Supplý- 
Technologies. 
Firstly, energy analysis can be used as a method of testing the physical validltN, of 
energy technologies such as renewables, determining for example if it is Nký, orth 
investing valuable conventional energy resources in the technology. Gusdorf (1992) 
4 Fhe average European electricity mix Is also where the PV manufacture in this disseriation is assumed 
to get its electi-icity. 
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describes energy analysis, as a tool for analysing systems for producing energry in this 
way, as crucial. 'An energy producing system which requires more energy than it 
produces is not an energy producing system at all, and one which producc', N olzýv 
slightly more than it require. ý is not a useful one' (Gusdorf, 1992). This test of 
viability can be assessed using forinulas which have parallels to those used in 
economic analysis. Three of these formulas are described below. 
The net energy balance of an energy supply technology can be calculated b\, 
subtracting the energy embodied in the manufacture and running of the technolop, 
over its lifetime from the energy that it will produce over its lifetime. This is 
illustrated by the following equation: 
Equation 4-1: Net Energy Balance. 
NEB = Ep - EF 
where: 
NEB = Net Energy Balance. 
Ep Energy Produced (over lifetime). 
EE Energy embodied in production (over lifetime). 
Mortimer (1993) describes the net energy balance as the ultimate test of a new energy 
technology. If the net energy required to produce an energy technology is greater 
than the energy the technology will produce over its lifetime (NEB < 0) it should be 
dismissed as a net energy sink as it will not provide any useful contribution to energy 
supplies. Georgescu-Roegen (1979) describes such technologies as parasites of 
current energy technologies (i. e. fossil fuels) and like any parasite, it could not survix-e 
its host. Such technologies cannot therefore provide a route to achieýjng 
sustainability in energy supply. 
Alternatively this test of viability can be carried out by determining the length of time 
it takes a technology to produce the amount of energy embodied In its construction 
and operation. This is known as its energy payback time (EP7). It is calculated by 
dividing the embodied energy in the technologýý by the amount of energy it producc" 
in a aiNeii tirne period. Typically it is given in years and the formula for this is 
shown belo\\- in Equation 4-2. 
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Equation 4-2. Energy Payback Time. 
EPT = EE 
EPA 
whereý 
EPT = Energy Payback Time (in years) 
Ep, \ = Energy Produced per annurn 
This will give a figure in years of the time needed to produce as much energy of the 
same quality as is embodied in the technology being considered. For example, Grum- 
Schwensen (1990) found that a 95 kWp Wind turbine takes 592,025 MJ of primary 
energy to construct and install. On average, in Denmark, it would typically produce 
electricity equivalent to 2,160,000 MJ of primary energy in a year which gives a 
payback time of (592,025/2,160,000) 0.27 years or 3.3 months. 
For a renewable energy technology to be viable the payback period of the system must 
be less than its operating lifetime. 'As long as the payback period is less than the 
lift, time ()f'lhe technology the renewable energy technology will produce net energy 
and will therqlbre displace fossil jueA even if all the energy used to produce the 
technology comes from. f6ssil juels' (Gusdorf, 1992). According to Gusdorf short 
payback periods are critical to the growth of renewable energy. If a technology 
cannot produce a sufficient amount of net energy its economic feasibility is likely to 
be unfavourable and its contribution to displacing fossil fuels will be weak. It is 
therefore favourable if energy payback times are less than 1/4 of lifetimes (Gusdorf, 
1992). 
The Energy Return On Investment (ER01) is a factor illustrating how much more 
energy a systern produces than it consumes. It Is calculated as shown In Equation 
Equation 4-3: Energy Return on Investment. 
EROI=Ep =L, 
-FF- E PT 
whereý 
EROI = Energy Return On Investment 
L, = Lifetime of system 
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Again, using the example of a wind turbine in Grum-Schwensen (1990), a 95 kWp 
wind turbine in Denmark producing electricity with a primary energy equivalence of 
21,1627160 MJ each year will therefore produce around 54 TJ of energy over a 25 year 
lifetime. Taking only around 0.6 TJ of primary energy to manufacture and install it 
has an energy return on investment of around 90, which means that it produces 90 
times more energy than it needs to produce it. 
The usefulness of energy analysis as a method for assessing the viability of energy 
technologies has been the subject of a territorial debate between economists and 
energy analysts. Environmental economist Pearce (1991), is sceptical of the use of 
energy analysis arguing that economic analysis can already incorporate the use of 
energy in its calculations. He has no disagreement with the notion that the net energy 
balance has to be greater than zero for a new energy source to become vtable but 
claims that financial economic evaluation would have taken the use of energy into 
account in any case. Pearce claimed that 'it would have to be a naive forccusler 
I. ndeed who had never heard of the price of energy being part qf the price of'energy'. 
This argument therefore maintains that energy analysis does not provide anything new. 
'7'he typical forecaster would analyse the switch over point using input-ouiput 
analysis whereby materials and energy inputs are related to materials and energy 
outpuls, as well as to other goods. If this is what energy analysis I's, then economists 
have been using thisfior rather a long time. '(Pearce, 1991). 
If a new energy supply technology takes more energy to make it than it will suppl\ 
over its lifetime its 'net energy balance' is negative 5. The energy from the ric\ý 
energy technology would never be economically competitive no matter how much the 
comparable price of electricity increased as the costs of the energy inputs xNould be 
more than the revenue from the energy outputs. 
Equivalent to the ener I ing greater than the lifetime of the plant or the energy i-eturn gy payback time bei 
on investment being less than 
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However, Mortimer argues that traditional economic evaluation would wrongly 
predict a price for conventionally produced electricity at which the new energy source 
would become competitive. An example cited by Slesser (1978) in support of energy 
analysis is the OPEC price rise in 1973, when all eyes were turned on other potential 
sources of energy, such as Amencan oil shales and Canadian tar sands. Contrary to 
some conventional forecasts it was soon found that, at that time, manN, of these 
sources were still uneconomic even in comparison with the expensl,, e OPEC oil. 'Bul 
this much was already clear to anyone who had made an analysis ofthe energn, 
requirements of energy o) I f these mater*als, for thev required substant'alli, more 
energy use per unit of product' (Slesser, 1978). Therefore, in practice, energy 
analysis can be used to identify potentially misleading conclusions from conventional 
economic evaluation. 
While Pearce argues that energy analysis already has its place within conventional 
economic evaluation, Mortimer and Slesser argue that this is not, generally, the case 
and promote the.. 'combined use qf energy analysis with economic evaluation in 
order to correct the implicit errors in the latter that can lead to mis-allocallon of 
resources' (Mortimer, 1993). Energy units offer a valuable alternative to financial 
ones because they are based on ýphysical properties represenli . ng unchanging 
absolute quantities not susceptible to ouiside influences', unlike money which 
continually changes its value (Boustead and Hancock, 1979). Because energy 
analysis is value free, say its proponents, it can determine the precise magnitude of 
advantage or disadvantage. It is also argued that it is free from potentially erratic 
fluctuations, which financial analysis is prone to, resulting from the unpredictable 
behaviour of markets. Although energy requirements will vary o\er time - due to 
technological advancement for example - they will change more slowlý, than prices 
and upon largely determinable factors. Thus many of the errors caused by problems 
of volatile financial measurement are avoided (see Mortimer, 1993 and Slesser, 
1978). 
I 
I 
Chapter 4: Theoretical Framework - Methodology and Data. 
Using Energy Analysis as a Method for Evaluating the Environmental 
Implications of Energy Supply Technologies. 
Energy analysis can also been used as the basis for evaluating the environmental 
implications of energy supply technologies. It is a suitable method to illustrate the 
environmental performance of technologies because many of the notable 
environmental impacts from energy technologies stem from their use of conventional 
energy sources in manufacturing processes and installation. Using energy as a 
measure of environmental performance covers a wide range of environmental impacts 
at all levels. On a global scale, greenhouse gas emission such as CO, contribute to 
global warming. On an international scale NOx and SOx contribute to acidification, 
and on a regional scale, emissions such as particles contribute to local air qualitý' 
degradation and associated health problems. All of these emissions in terms of PV 
manufacture are connected with the use of energy. In recent years the relevance of 
energy analysis has increased because of its close relation to the environment. In 
particular energy analysis data have been adopted for calculating other measurements 
of environmental impact, total C02 emissions for example. Energy analysis is also 
used to measure the potential for resource depletion. 
The way that an energy analysis is performed depends to a large extent upon the 
purpose of the study. For example if the study is concerned with fossil fuel resource 
depletion it would not consider the use of nuclear or hydro-electric sources of energy. 
Alternatively if a study is concerned with the physical validity of a technology, in 
terms of producing energy of sufficient quality and quantity so that it is greater than 
the energy embodied in making it then all the energy sources should be considered. 
In this study it is the physical validity of PVs that is considered in the enerp, analysis 
sections as questions of environmental burdens are covered in greater detail in the 
LCI sections. 
in assessment of the \-'ab']'tN- of PVs. Analyses Energy analysis has been widely used 
have been carried out on a range of PV technologies including a-Si. CdTe and x-Si 
often comparing the different technologies or including encrgy analysis results in a 
Chapter 4ý Theoretical FrameNvork - Methodology and Data. 
life cycle assessment of PVs. The results of some of these studies will be used in 
chapters 5 and 6 to validate and compare the results presented in this dissertation. 
4.2.2 Life Cycle Inventory Analysis. 
Environmental Life Cycle Assessment (LCA) is a method to determine all the impacts 
associated with providing a good or service throughout the life of the technology and 
hence is useful in determining just how 'clean' a technology really is. LCA.... 'is a 
formal approach to defining and evaluating the total environmental load associated 
with providing a service, by following the associated material and energyflowsftoln 
their 'cradle' (i. e. primary resources) to their 'grave' (i. e. ultimate resting place) as 
solid waste or dispersed emissions. ' (Clift and Longley, 1995). It is described by 
Azapagic (1997) as a descendent of energy analysis which, as described above, 
considers the energy use over the life-cycle of products or services. In the early 1990s 
SETAC6 and IS07 initiated activities to define LCA and develop a general 
methodology for conducting LCA studies. LCA is an application of system analysis 
which provides a picture of the interactions of an activity with the environment thus 
serving as an environmental management tool. 
An LCA as its name suggests should account for the whole life cycle of the 
technology, from resource extraction from the enviromnent, processing and transport 
through to waste disposal to the environment at the end of its life. 'Encompassing 
extracting and processi . ng raw materials, manufýicturing, distribution, use, re-use, 
mainlenance, recj, chng andfinal disposal' (Lindfors et. al. 1995). For photovoltaics, 
as illustrated in Figure 4-3, the life cycle is identical to that for the energy analysis 
presented in Figure 4-2, stretching from mining and refining of raw materials to 
disposal of the systems after use. The difference between the two methodologies is 
that an LCA identifies and quantifies not only the use of energry but also other 
materials and resources from the environment and emissions of solid, liquid and 
gaseous wastes to the environment. Amongst other things this enables the 
6 The Society for Environmental Toxicology and Chemistrý! 
International Standards Organisation. 
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identification and evaluation of opportunities to promote improxements in 
environmental performance. 
Figure 4-3: The Life Cycle of a Photovoltaic System. 
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There are 4 stages of LCA (see Lindfors et. al., 1995 and Tillman et. al., 1993)- 
Goal Definition and Scoping. 
This stage defines the purpose of the study and its intended use. It explains \vhat 
assumptions have been made and why, the limitations to the study, systenis 
boundaries (spatially and temporally) and identifies the functional unit, the unit of 
output on which alternative technologies are compared (e. g. I TJ of electricity for 
different energy sources). 
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Life Cycle Inventory (LCI) Analysis. 
The most objective of all LCA stages is the life cycle inýentorv stage. This stagVe 
represents a quantitative descnption of the system through material and enerLiv 
balances. Each sub-system is described in detail by flows of materials and energy as 
well as emissions to air and water and solid wastes non-nalised to the functional unit. 
The results are usually listed in inventory tables and presented graphically. 
Impact Assessment. 
The effects of the environmental burdens identified in the LCI are assessed, 
characterised and valued based on quantitative and qualitative procedures. Different 
environmental impacts are reduced to environmental impact functions as a measure of 
environmental performance. There is no consensus at present on how to aggregate 
the environmental impacts into a single environmental impact function. This stage is 
described by Barrithouse et. al. (1997) as still under development and requiring further 
agreement. Ideally it would be possible to compare all materials and products against 
a common scale, representing their overall environmental performance. The main 
difficulty here is trying to put a common value to environmental impacts as diverse as 
Ozone Depletion, Global Warming, Human Toxicity and the future value of finite 
resources (Azapagic, 1997). 
Improvement Assessment. 
Once the valuation is complete LCA can be used as a tool to help facilitate and 
evaluate environmental improvements. 
In this dissertation a streamlined life cycle inventory (LCI) approach is used using a 
limited inventory of resource use and emissions release to air and water as a 
representative sample of the environmental burdens associated with the enern 
technologies considered. Thus the more subjective step of impact assessment is 
avoided. 
The advantages of such an analysis technique for the assessment of the \ iability of an 
energy technology are several. 
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Before large scale implementation of PVs an LCI analysis can be used to identiA, 
potential bottlenecks so that R&D priorities can be set accordingly to reduce or 
eliminate them. 
9 To identify 'hotspots', parts in the life cycle of the technology that have most 
environmental impact. 
e To provide a picture of the interactions of the technology with the environment. 
providing decision-makers with information on alternatives for providing a good or 
service by evaluating the environmental burdens associated with them. 
A Life Cycle Inventory analysis can also be used to gauge where energy is used by 
looking at the energy resource use. However different energy resources have different 
calorific values and it is therefore necessary to convert the energy inputs to a common 
unit of energy, such as primary energy equivalent, to get a more accurate illustration 
of the energy input and its viability from an energetic perspective. This is what 
energy analysis provides. A life cycle inventory on the other hand allows a measure 
to be taken of the physical environmental burden - for CO-, emissions for example - 
which energy analysis does not. This allows for the substitution of cleaner energy 
supplies to be taken into account. For example, if more renewable sources are used 
for energy supply less environmental burdens would be associated with a given 
amount of energy supplied. 
4.2.3 Economic Analysis. 
Economic viability is determined by the profitability of an investment decision or the 
cash flow implications of a project. Investors,, in the pnvate sector will prefer those 
investments which promise the largest profits or the best contnbution to future cash 
flows. Put another way, to be economically viable an investment must promise a rate 
of return greater than the cost of the capital needed to finance it. This iný, olý-es taking 
into account all cash outflows (costs) and inflows (revenues) of a pr *ect and allowini-I 01 
for the different timing of these flows and the potential interest charged on the funds 
involved (Pass and Lowes, 1993). The latter is achieved by converting the cash flows 
into equivalent present values using an appropriate discount rate. If the present "alue 
of the revenues of a project exceeds that of the costs when both are discounted then 
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the net present value of the project is positive and the project viable8. This 
discounting method is important because most investments, and renewable energy 
sources such as PVs are a prime example,, incur the majority of their costs up front but 
the revenues are spread over future years. 
The economic viability of any electricity supply technology is determined bv its 
ability to produce electricity at a cost that can compete with other sources to make 
adoption of the technology worthwhile. A common unit of cost measurement enables 
comparisons to be made between different energy sources. This unit cost is usually 
measured per kilowatt hour. In the LTK it is in pence (p/kWh). For example, domestic 
consumers pay around 7-8p/kWh for their electricity. 
The unit cost of electricity produced by a technology can be calculated by dividing the 
total annuitised costs of generation by the amount of electricity generated by the 
system in a year. Total annuitised cost equals the average annual total costs of the 
technology over its' lifetime 'discounted' using an appropriate interest/discount rate. 
Unit electricity costs are calculated using the following parameters- 
L The capital cost of the plant. 
2. The expected lifetime of the plant (or the period over which capital is to be 
recovered). 
3. The cost of capital (interest/discount rate). 
4. The annual running costs - including any operation and maintenance and fuel 
costs. 
5. The productivity of the plant - the amount of energy produced by the plant. 
The formula for the calculation of unit electncity costs is shown in Equation 4-4. The 
top line represents the calculation of total annuitised costs, the annual constant 
payments that would be needed to pay-back the projects costs over it's lifetime. 
See any standard economics dictionary for fuller descnptlon of present value calculations e. g Pass and 
1,0%ýCs (199.1). 
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Equation 4-4: Unit Electricity Cost Calculation. 
Unit ((CT 
. 
KA)+ ACo&\, ) 
Electricity 
Costs QA 
Where- 
C, j- = Total capital costs of the plant. 
KA= Annuitisation coefficient. 
ACO&m = Annual costs of operation and maintenance. 
QA = Annual output of the system. 
The annual total cost of a technology is calculated by multiplying the total capital cost 
of the plant by an annuitisation coefficient (the calculation of which is shown in 
Equation 4-5 below). Using an appropnate interest rate and expected lifetime for the 
technology the formula shown in Equation 4-5 calculates the annuitisation 
coefficient. When this coefficient is multiplied by the total capital cost of the plant 
results in a constant annual payment that would cover the capital costs and the interest 
paid on it over the lifetime of the plant. 
Equation 4-5: Annuitisation Coefficient. 
R 
K. 
-\ 
Where: 
R Interest rate. 
t Lifetime of the system 
(Source- Lumby, 1994) 
I intenance and fuel costs (if applicable), which are The running costs of operation, mai III 
assumed to be constant in each year in this method of calculation, can then be added 
to giN, e a total annuitised cost or required cost repayment per annum. This can then be 
divided by the estimated annual generation to give a break-even or buy-back price in 
p,; 'kWh. This is the amount which needs to be earned by each unit of poN\'cr o-ýer the 
life of the plant to make the value of power sales equal to the \alue of all estimated 
costs over the lifetime of the plant. 
Table 4-1 shows a numerical example of this calculation method applicd to an 
application of PVs. It is essentially a revenue requirement method, calculating the 
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revenue required on each unit of electricity to make a project worthwhile. The data 
shown are for the I MWp system on the Munich Trade Fair Building roof vv, hich cost 
f5,, 560/kWp to construct has an expected lifetime of 25 years and an anticipated 
annual electrical output of 1,000,000 kWh (or 984 kWh/kWp) per vear (Solardach, 
1998). The operation and maintenance costs of PV systems are assumed to be 
insignificant, a fact that will be substantiated further in chapter 5. With these figures 
and an assumed interest rate of 8% the cost of electricity from this svstem NvIll be 
around 53 p/kVVh. 
Table 4-1: Unit Electricity Cost Calculation for the Munich Trade Fair Building. 
Munich Trade Fair Building per kWp Total system 
Capital cost (f) 5560 5650000 
Interest Rate (%) 8 8 
Project Life-time (years) 25 25 
Annuitisation coefficient 0.094 0.094 
Capital cost repayment p. a. (f/kWp) f521 f 529,285 
O&M Costs p. a. (f/kW) 0 0 
Total costs repayment p. a. (f/kWp) f521 f 529,285 
Annual System Output (kWh) 984 1000000 
Buy back price (p/kWh) 53 53 
The same calculation with a 0% discount rate gives unit electricity costs of around 23 
p/kWh. Given the large impact that the discount rate can have on the unit electricity 
cost calculations it is considered in detail below. 
Interest/Discount Rate. 
The interest rate used reflects the risk of the project, which can be defined as the 
variability of expected returns. The interest rate reflects the market price of risk. as 
risk increases, expected returns of investors increase and therefore interest charges 
increase. 
Market interest rates add a nisk. premium to the 'risk free' rate of interest9. This 
premium takes into account the general 'systematic' risk of the market. common to 
9 The risk fi-ee rate of interest = the rate of interest on Government bonds 
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most investmentslo. Individual projects, however, will usually face higher interest 
rates still which have an added risk premium for the specific, -non-systematic', risks 
of that project, such project risks can be divided into two parts. business risk and 
financial risk. 
Business Risk 
Business risk is risk related to the industry and conditions of the economy specific to 
that sector. It is measured by the variability of expected net operating income. For 
example, the firms in the electricity industry face the following business risks- 
The risk of increased concern for the environment, especially global warming 
which may result in environmental taxes or other methods of control. As CO, 
emissions are by far the largest source of greenhouse gases and the burning of 
fossil fuels is the largest contributor toC02 emissions, policy measures are likely 
to focus on measures to reduce their use. If international negotiations on global 
warming lead to requirements for C02 reduction then climate change presents 
additional risks in long term lending to the carbon fuel industry. 
* Fuel price risks, the price of fossil fuels is very variable which creates a risk on the 
economic potential of a project using such fuels. Therefore the discount rate for 
projects using these fuels Will be raised to account for this' 
In increasingly deregulated energy markets, generators have to be more concerned 
about having a buyer for their energy and the price they receive for the energy they 
produce is likely to be more vanable and contracts are becoming shorter 12 . 
Investors in renewables such BIPV systems will also have business nsks to take into 
account, these include, 
o Being a new technology with a relatively small proven track record, main stream 
investors would expect PV pr jects to have a relatively high return initially until 01 11, 
10 Effects which influence the majority of investments - Recession for example. 
11 A commonly cited e\ample is the dramatic fluctuations in the oil pnce in the 1970s, the risk is that 
such fluctuations cannot be predicted with any accuracy. 
12 BiPV systems prov-iding energy locally for the building on "hich they are built do not ha\e this %\orT-\, 
and in effect have all the energy they produce purchased \khen the systern is paid for. 
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they can be confident of the technology. Awerbuch (199-3)) argues that. once they 
have been demonstrated to be successful investments, PV svstems could be 
considered to be less risky than conventional sources which have risks that 
renewables such as PV avoid 
* The outlays for PV systems are almost entirely up front which reduces their risk to 
some extent, however, the variability of the solar resource at the PV systems 
location creates an added risk that needs to be taken into consideration. 
Portfolio theory is a method of income stabilisation and business risk reduction. It 
works on the principle of diversification of investments in a portfolio so that the 
correlation of returns of the various investments in a portfolio are low or negative, 1.. e. 
their income streams are statistically independent. This has the effect of reducing risk 
and stabilising incomes. Its effectiveness depends on the degree of independence, and 
number, of projects. Reducing business risk has the advantage of improving a 
company's ability to raise finance and improves the chance of profitability. 
In electricity generation, a mix relying entirely on non-dlversified fuel sources could 
become quite expensive even if their current projected costs appear to be the lowest. 
Diversification by generators into renewable energy technologies offers substantial 
scope to offset the risks of carbon taxes or price rises, which could haunt fossil fuel 
generation. It is not surprising then that utilities have become active in renewables 
especially when it is considered that the correlation between the risk of renewable 
energy technologies, such as PV, and conventional energy market risk is likely to be 
low (Awerbuch, 1992). 
The oil price rises in the 1970s no doubt contnbuted to Governments' enthusiasm to 
gies to provide a more balanced energy portfoli support renewable ener technolo 1 10 
with less risk of disruption of supply. It is not surpnsing. therefore, to also find some 
oil majors investing in solar energy (BP Solar and Shell International Renewables are 
prime examples), concerned about the risks of climate change and keen to offset this 
risk. 
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Inancial Risk. 
When financing an investment an investor can borrow funds from two basic sources. 
These are called debt/loan and equity/share capital. Debt/loan capital is money 
employed by a company that has been borrowed from external sources for fixed 
periods of time , it is rewarded with regular interest payments which must be paid on 
risk of bankruptcy. This form of finance usually has a relatively low risk as the loaner 
can sell invested assets to recover their loan. However an investment would need 
reliably good levels of production and guaranteed contracts to be sure of cheap 
finance of this type (Pass and Lowes, 1993). 
The other source of capital is equity/share capital. Shares are financial securities 
issued to individuals who provide long ten-n finance to a company. Shareholders are 
entitled to any net profits after all expenses have been paid, including the interest on 
loan capital, this makes their income less secure and more variable. Because share 
capital is more 'risky' than debt capital, shareholders will expect higher returns for 
this increased risk, in the region of 20-30% according to Milborrow (1995c). This 
makes finance more expensive. Therefore project managers try to keep equity to a 
minimum to keep the cost of capital down. 
The ratio of fixed interest debt to share capital is called the gearing or leverage of the 
financing, the higher the proportion of debt in financing, the higher the gearing or 
leverage. The extent to which a company can employ fixed interest capital as a 
source of long ten-n funds depends to a large extent upon the stability of its projected 
profits over time - the risk. The gearing, or leverage has the effect of increasing the 
expected value of returns to share holders because of the reduced cost of capital but 
also increases the variance or risk that their returns will be reduced because there P., 
more of the higher priority loan interest, therefore shareholders mll want higher 
returns for the increased risk. Debt loaners will also want more interest if they are to 
increase their loan to the project as there is greater risk that the proJect xNill not be 
able to pay all the interest on a larger loan (Lumby, 1994). 
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If a firm has been profitably stable for a number of years, it is more RON, to meet it's 
obligations, therefore it is more likely to want a higher gearing and reduce it"s cost of 
capital and is more likely to succeed in getting it. However gearing also increases the 
risk of bankruptcy as it increases the amount of loan interest that must be repaid, a 
company with a higher risk of bankruptcy will therefore want to keep its debt ratio 
low. Firms with higher operating profits can use more leverage which further 
magnifies earnings or reduces costs further (Lumby, 1994). 
Up to a point the inclusion of relatively low cost debt in the capital structure reduces 
the average cost of capital, however, for highly geared financing structures both the 
cost of debt and equity rise sharply, due to the increased nsk this represents, and 
reverse the impact of debt. Therefore there is an optimal financial gearing which 
keeps the cost of capital to a minimum and maximises the net operating income of the 
investment and therefore the market value of its remaining shares. Financial risk is 
then the additional variance of share earnings induced by the level of debt/equity 
ratio. 
The Weighted Average Cost of Capital (WA CC). 
The average cost of all the financing is referred to as its WACC and measures the full 
risks both business and financial of a firms investments, and corresponds to the 
optimal financing ratio. It is usual to calculate this for a firm as a whole as it is near 
impossible to estimate a separate cost of capital for each individual project because of 
uncertain variability of cash flows in the future. Companies therefore often use their 
WACC as a first benchmark and add or subtract a risk premium based on Intuition 
about individual projects. Firms which apply risk analysis use short-cut rule of thumb 
adjustments for risk, by raising the discount (or hurdle) rate or shortening the pay- 
back period as detailed nsk calculation can be prohibitively sophisticated and time 
consuming (Lumby, 1994). 
What Level of Interest Rate Should be Applied to PNI' System Appraisal. 
The relevant level of interest rate \vIII depend on who is payIng, for the PV systern. At 
present, since unit electrlclt, \, costs of PVs are not close to competitivencss \\ith 
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conventional sources, projects are usually funded through grants and donations. For 
example the system installed on the Northumberland building at the Universitv of 
Northumbria was installed with the aid of a grant from THERMIE, the UK 
Government and private sponsors and so has no interest to take into account. Such 
sources of funding do not have to be repaid so the cost to the user of the electricit-N, is 
zero. The cost of the electricity to the project financier arguably has no interest rate 
and is therefore relatively cheap. 
Large utility companies are getting involved with PV projects throughout the world, 
many are raising finances through green pricing for electricity xvhereby consumers 
pay an extra amount to give the utility funds to develop renewable energy sources, 
again this is like a grant funded by the consumers. Utilities that invest in PVs 
themselves will use their WACC with an added risk premium for the individual 
proj ect. 
Individuals or small companies may have to loan their money from the commercial 
banks. Large international commercial banks have the staff and resources to research 
new investment possibilities and therefore they are likely to be very much aware of 
renewable energy technologies, including PV. A study by Varadi (1995) found that 
except in rare instances the large commercial banks are considering PVs as an 
immature product not suitable for financing. Another problem is that the required 
investments for PV projects are much below the level where large commercial banks 
would be willing even to look at financing then. If and when they do, the interest 
rates are likely to be high initially. 
Milborrow (1995a) claims that the CEGB used a test discount rate of 8q, o on 
investments before the privatisation of the electricity industry but claims that In the 
privatised industry interest rates for wind energy projects are unlikely to be as loýv as 
80o. He uses a WACC of 109, o for Nvind energy pr Jects based on a debt equity ratio 01 
of between 70-30 and 80-20 N\, ith an assumed bank interest rate of 60/ýo and an equM 
expected return on investment of 250o. He claims that finance for N\Ind projects can 
be obtained in Denmark for 60/o. Germany for 8qo, the USA for 90o and the UK for 
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10%. Similarly in their cost calculations NREL (1998) assume a fixed interest rate of 
8% and a 30 year payback time. Given the above discussion a discount interest rate 
of 8% is used in the economic appraisal sections of this dissertation. 
4.2.4 Accounting for Avoided Costs of BiPV Cladding Systems. 
This dissertation is considering the viability of BiPV cladding systems. As \ýe saw in 
chapter I there are several advantages of such systems. A BiPV claddino s\stem 
provides two functions: it produces electricity that replaces conventional sources of 
electricity but also acts as a conventional cladding system. Hence in comparing the 
costs of a PV cladding system to its alternatives, the functions of both weather 
protection and electricity provision should be taken into account. 
This method can be more clearly shown with the aid of the systems diagrams in 
Figure 4-4 and Figure 4-5 below. Figure 4-4 shows the main processes that need to 
be accounted for when calculating the cost of BiPV systems in providing the 
functions of electricity production and weather-proofing of a building. A BIPV system 
is functionally equivalent to conventional electricity supply of the same amount of 
electricity that the system will produce and a conventional cladding system that would 
be needed to cover the area that the PV cladding covers. Figure 4-5 shows a systems 
diagram of what a BiPV system is equivalent to. Equation 4-6 below shows that the 
cost of a PV cladding system can be broken down into the functions it provides i. e. 
into the cost of cladding and the cost of electricity. 
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Figure 4-4: Systems Diagram of a BiPN'Facade System. 
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Figure 4-5: A Systems Diagram of the Conventional Electricity Supply and Weather-proofing of 
a Facade. 
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Equation 4-6: Accounting for the Combined Functions of Photovoltaic Cladding Systems. 
BiPVý,. &um CE + CC 
Where: 
BiP%"c,. wi,, 8 = Cost of. PV cladding system 
CE = Cost of electricity 
CC = Cost of cladding system 
+ 
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By simple algebraic manipulation of Equation 4-6 in Equation 4-7 below we can see 
that to calculate the net cost of electri 111 ing systems the icity provision from PV claddi -- 
cost of the cladding function should be subtracted from the total cost of the PV 
cladding system as an avoided cost. Therefore the cost of a conventional claddino 
system can be deducted from the cost of a BiPV cladding system as an avoided cost. 
This theory applies equally well to economic analysis, energy analysis and LCI 
analysis. 
Equation 4-7: Calculating the Net Cost of Electricity Provision of Photovoltaic Cladding Systems. 
I BiPV - CC = CE 
4.2.5 Policy Methods to Combine Economic and Environmental Cost Analyses. 
As mentioned in chapter Ia widely used argument for the use of renewable energy 
technologies is based on the environmental benefits that they present when compared 
with conventional electricity sources. However, technologies such as PVs are also 
more expensive than conventional sources of electricity. A problem therefore arises 
in that decision-makers, be that governments, utilities or private individuals are faced 
with conflicting information. There are alternative ways of integrating the economic 
and environmental costs of technologies so that comparisons can be made. This 
dissertation considers two. environmental burden abatement cost calculation and 
internalisation of external costs. A brief introduction to these two concepts is 
provided below. Both methods are dealt with in greater detail in Chapter 10. 
Environmental Burden Abatement Cost Calculation. 
One way of combining economic and environmental costs of different energry 
technologies is to calculate the cost of environmental burden abatement. Equation 4- 
8 beloNv shows how this can be done. It basically compares the en-V-1ronmental and 
economic costs of two technologies, a baseline technology (the technolop, currentIN 
being used) and a new technology (the technology being considered to replace it). For 
the calculation the economic cost and environmental burden per unit of product or 
serxice supplied are required for the baseline and the nexv technology. In lookin! -, at 
BiPVs the baseline technolo(, -YN, considered is conN-entional electricity supply as 
this is 
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the service that the PVs would replace and the service provided is units of electricitv 
supplied. 
The computation involves calculating the marginal economic cost of adopting the 
new technology, by deducting the cost of electricity supply from the baseline 
technology from the cost of electricity supplied from the nexý technologgy. This is 
shown in the top line of Equation 4-8. This is then divided by the en'Oronmental 
burden savings that the new technology will provide (See UNEP, 1992). Jackson 
(1995) describes this as a well specified methodology for costing greenhouse gas 
abatement options and cites a number of studies which have used it specifically to 
address the question of cost and cost-effectiveness in the context of greenhouse gas 
abatement. 
Equation 4-8: Calculating the Cost of Environmental Burden Abatement. 
Cost of Enissions Savings = 
cpv -G 
Ec - Epv 
Whereý 
CPv = Cost of electricity forn PVs 
C(7= Cost of electncity from conventional sources 
Fjw = Errussions per unit of electricity supplied from PV: s 
Ec = ErTussions per unit of electricity supplied fi-om conventional sources 
Internalisation of External Costs. 
There are many costs that energy technologies incur that are not currently taken into 
account in the market for energy. These are called external costs and benefits as they 
are not included in conventional cost considerations. The argument is therefore that 
the market failure to reflect these costs in the price results in a misallocation of' 
resources in the economy (Groscurth et. al. 1998). It is often argued, hý ad\ ocates of 
renewable energy, that the external benefits of renewables relative to con"entional 
sources of electricity far outweighs their external costs and hence there 1', a 
rn i'sal location of resources in fa\our of conventional sources. Therefore it is not 
surprising that advocates of rene\\,, ables would like to see a monetary value ultl*matel\- 
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being placed on such external costs and benefits to allow the market to reflect true 
costs and a subsequent reallocation of resources towards renewables. 
Of particular concern in recent years is the environmental cost of conventional energ. N1, 
sources. Renewable sources such as PVs, being less environmental Iv damaging 
should therefore be rewarded for such benefits. 'The en0ronmental benelits Qf 
relatively benign resources such as wind and solar energy are worth more than ille 
zero sum currently placed on them. '(Gipe, 1995). 
The way in which social costs are treated can have a considerable effect on the 
economics of renewable energy sources such as PV. As Hohmeyer (1992) illustrates, 
the time schedule for the market introduction and diffusion of seemingly expensive 
technologies utilising renewable energy sources Will be affected by the incorporation 
of the social costs of conventional power generation sources. This is illustrated in 
more detai I in chapter 10. 
4.3 The Data Used and its Validation. 
This section describes the data sources used for the energy analysis, LCI analysis and 
economic analysis results presented in this dissertation. 
4.3.1 The Data Used for the Energy Analysis and Life Cycle Inventory Analysis 
in this Dissertation. 
The data used for both the energy analysis and LCI analysis sections in this 
dissertation is based on a life cycle inventory data-base compiled by Frischknecht et. 
al. (1994) from ETH Zurich and the Paul Scherrer Institute. This data was presented 
in SIMATOOL LCA software package. It provides a comparison of altemati%c 
energy sources and provides an inventory of over 200 categories of resources used and 
emissions released to the environment from the various stages in the life cýýcle of 
enenzv systerns. It compares a range of conventional energy technologies in different 
European countries and also considers PVs pro-viding a breakdown of the 
manufacturin(-) stages. 
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For PVs the data are for m-Si and p-Si systems. The technology is assumed to be 
applied in Switzerland and so is relevant when considering a central European 
location. The source of the data for the processes specific to p-Si modules is the 
Kyocera production plant in Japan. The source of the data for production of m-SI 
modules is Siemens (formerly ARCO solar) in Germany, chosen because 340'o of 
panels installed in Switzerland were m-Si modules produced by Siemens' 3. 
The data compiled by Frischknecht et al. (1994) are based on 1992 technology. Given 
the rapid development in the PV industry the data are a little dated. In this stu& 
changes were made to make the data more up-to-date. Indeed, Frischknecht et. al. 
(1994) consider such technology improvements in their work. 
The first change to the data was the assumed module efficiency. Frischknecht et. al. 
(1994) assumed module efficiencies of 10.2% and 12.3% for p-Si and m-Si modules 
respectively which are low when considering the range of efficiencies that are now 
available with these technologies 14 . 
Therefore the assumed efficiencies have been 
raised to 12% and 13% for p-Si and m-Si modules respectively. Such increases in 
module efficiency mean that less modules would be needed per kWp of system. In 
terms of altering the data this meant multiplying the data by appropriate factors so 
that the burdens associated with each kWp of system were reduced proportionally 
with the reduction in area of the system required. The burdens associated with the 
area-related BOS components were also adjusted in this way whilst the burdens 
associated with the inverter and electronics equipment was not adjusted as it would 
not be affected by changes in module efficiency. 
The second change that was made to the data regarded the assumed Nvafer thickness 
and kerf losses (saw dust) during wafer manufactur-ing. Frischknecht et. al. (1994) 
assumed a wafer thickness of 350 pm and saw dust (kerf) losses also of 350 ýIm- To 
make the data more representative of current module production, a ýýafer thickness of 
150 pin Nvas assumed but with kerf losses of 200pim. This meant that per \kafer 
ý50 
This production facilltv has since closed, 
14 See technology desciiption in Chapter 2 
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ýtm of ingot would be required per cell rather than the 700pm assumed bv 
Frisch-knecht et. al. (1994). The use of ingot in the wafer manufacturing stage was 
adjusted by this difference using a factor of 0.785 (550/700) whilst other inputs and 
yields were assumed to remain constant 
15 
The final adjustment made to the data was the assumed system output. Frischknecht 
et. al. (1994) assumed system outputs of 1000 kWh/kWp/year for building integrated 
systems. As discussed in detail in Chapter 9 actual experience in central to northem 
Europe is usually lower than this, dependant very much on location. Considering a 
range of 700-1000 kWh/kWp/year to be a suitable range for building integrated 
systems in Europe this dissertation bases its results on a system output of 850 
kWh/kWp. 
From the LCI of over 200 resources and emissions a streamlined life cycle inventory 
was chosen for presentation in this dissertation, for practical reasons of data handling. 
The inventory chosen is listed in Table 4-2 below. It consists of 15 types of resources 
used, 8 energy sources which are used to calculate energy analysis results and 7 
metals. For emissions to air 30 different emission types were selected and for 
emissions to water 28 emissions were selected. 
The resources recorded include all energy resources used for the average European 
energy mix, these include uranium, brown coal, crude oil, stone coal, mine gas, 
natural gas, oil gas and hydro electricity. Other resources chosen include Bauxite 
(alurninium ore), Iron (used to make steel), Zinc (all of which are used significantly in 
the manufacture of module frames and supports for PVs as well as in other enerpy 
technologies) Silver, Tin and Copper (used significantly in contacts for PV cells and 
wiring). 
The emissions to air and water included in the inventor-v coNer the major emissions 
from conventional forms of electricity generation transmi . ssion and distribution as 
'5 Frischknecht et. al. (1994) performed similar calculations when considering future developments of 
the technology, They assumed a wafer thickness of'25%im with 200ýim kerf loss 
15 
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well as those specific to PVs- The emissions chosen are also of notable 
environmental concern and are discussed as such in Bunce (1991), Isaacs et. al. 
(1996), Murley (1997) and Sawyer et. al. (1994). They include emissions associated 
with the greenhouse effect (C02,, CH4 and N20 16) , acid rain 
(NOx and SOx), human 
health effects (cadmium, mercury and PAHs) and radioactive contamination 
(including technetium and iodine). The emissions were chosen to represent a wide 
variety of environmental effects. The resources and emissions listed in Table 4-2 are 
also presented in Appendix 4-1 which discusses some of the reasons ývhv this 
streamlined inventory was chosen in more detail. 
Table 4-2: The Streamlined Life Cycle Inventory Presented in this Dissertation 
Energy Resource Use Emissions to air Emissions to Water 
Browncoal As - Arsenic Ag - Silver 
Crude oil B- Boron As - Arsenic 
Crude stone coal CH4- Methane B- Boron 
Mine gas CN - Cyanide BOD 
Natural gas CO - Carbon Monoxide CN - Cyanide 
Ol I gas 
C02 
- Carbon Dioxide COD 
Hydro Electricity Cd - Cadmium Cd - Cadmium 
U- Uranium H--S - Hydrogen Sulphide Cl -Chlonne solufions 
Non-Energy Resources HCI - Hydrogen Chlonde Cr - Chromium 
Ag - Silver Hg - Mercury Cu - Copper 
Bauxite N20 - Dinitrogen Oxide H2S - Hydrosulphuric Acid 
Cu - Copper NH-, - Ammonia Hg - Mercury 
Fe - Iron NOx - Nitrogen Oxides NH-, - Ammonia 
Pb - Lead PA14s PAHs 
Sri - Tin Pb - Lead Pb - Lead 
Zn - Zinc SOx - Sul2her Oxides VOCs as C 
Benzene - C6H6 Benzene 
Ethvlbenzene Ethylbenzene 
Formaldehyde - Methanal Formaldehyde 
Particles Phenol 
Phenol - carbolic acid Toluene 
Toluene Tnchloroethylene 
Vlnylchlonde - Chloroethene Xylene 
XvIene Cesium Isotopes (134/137) 
Cesium Isotopes (134/137) 1129 - Iodine 
1129 - Iodine Sr9O - Strontium 
Rn222- Radon Tc99 - Technetium 
Sr9O Stronfiurn Uranium Isotopes (234/235/238 
Tc99 Technetium 
jUramurn Isotopes (234, '235/238) 
For energy analysis the enerný resources used for , arious forms of enenp pro\-ision 
are recorded in the data-base and are converted into primary energy equivalents winý, 
16 N20 is also associated with ozone depletion. 
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the conversion factors shown in Table 4-3 below. These con-version factors are taken 
from Frischknecht (1995) and DTI (1995) 
Table 4-3: Energy Conversion Factors into Nlega-Joules 
Energy Source Factor Unit 
Brown coal 8.75 MJ/kg 
Crude oil 44.1 MJ/kg 
Crude stone coal 18.5 MJ/kg 
Mine gas 37.85 MJ/M'3 
Natural gas 37 mj/m""3 
Oil gas 
17 42.95 MJ/M13 
Hydro Electricity I Mj/Mj 
U- Uranium 455000 MJ/kg 
The validity of the data compiled by Frischknecht et. al (1994) in the SIMATOOL 
database is strengthened when it is considered that the same data set has been used in 
PEMS' 8 life cycle analysis computer software made by PIRA International (PIRA, 
1995). Their software is used by clients such as Shell, Tetrapak, Smith Kline 
Beecham and Glaxo Wellcome in performing LCA studies and Pira describe the ETH 
data set as a very comprehensive study and hence have included it in recent versions 
of their software. PEMS 4 the latest version of their software uses a lot of the ETYI 
data set and PIRA have put the whole ETH data set in PEMS format for use \N, I. th their 
software by LCA practitioners. 
4.3.2 Data used for the Economic AnalYsis of PVs. 
The data used for the economic analysis sections in this dissertation are based on data 
presented in a report published by the European commission, compiled b\ the 
European Photovoltaic Industr-y Association EPIA (see reference EPIA, 1995). It 
provides a detailed cost breakdown of p-S1 and m-S1 module manufacture on a per m2 
of module basis. 
17 Oil gas is also knoxýn as refinery gas produced from vanous refinery processes. 
18 PF. MS stands for Pira F. nvironmental Management System. 
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Based on recent technology the cost data did not need updating substantially. Two 
adjustments were made. Firstly the data were converted from ECU to f usiney an 
exchange rate of I ECU = fO. 778 based on official EU exchange rate for 1994. The 
second adjustment made was that the EPIA study assumed that the silicon feedstock 
was obtained as scrap from the electronics industry and was assumed to have a cost of 
around f6.24/kg. Bruton (1998) claims that such costs have risen due to demand 
outstripping supply and costs of f 15/kg for this feedstock have been experienced in 
recent years. This study applied this latter figure to the cost data. 
For BOS components this study uses data presented in the literature to estimate likely 
BOS costs to include in the analyses. All the economics data used are validated by 
comparing it to other cost studies most of which are based on actual PV projects. 
4.3.3 Validation of the Data Used and Presented in this Dissertation. 
When presenting any results it is essential that any conclusions drawn are both sound 
and defensible and it is validation of these results and any data that provides this. 
Validation of the results used in this dissertation is necessary to justify the use of the 
data source presented and is something required for any critical examination of the 
results presented. 
In finding a need for validation of data, the aims of the study need to be clearly 
defined. The study title - the Viability of Solar Photovoltaics - implies that the results 
will I be used to show just how viable the technology is which means that accuracy of i- 
results is very important. 
The data used in this dissertation needs to be validated to a reasonable level by 
providing in the document the exact assumptions and details of the technology I -- 
reported. Each chapter of the results will therefore contain the assumptions made for 
the results that have not been previously stated 
transparency to the results. 
These assumptions giNc claritý and 
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The results will be further validated by comparing them, ývhere possible, \ý-ith other 
studies. There is a wealth of information in other work that has been carried out iri 
recent years on energy and economic analysis of PVs. With careful comparison the 
results presented in this study are validated in terms of being in the right 'ball park' 
with any general consensus obtained from other sources. 
The results presented in this dissertation will also be adapted to take into account 
different assumptions that could be made for the PV technology and its application. 
Such a sensitivity analysis is presented in Chapter 9. 
4.4 Summary of the Methodology and Data. 
The focal theory of this dissertation is the combination of economic and 
environmental approaches to assessing the viability of PVs. This will be achieved 
using energy analysis, LCI analysis and economic analysis methodologies and 
combining them in a policy context. 
This dissertation will therefore contribute to the methodological debate of how the 
viability of technologies can be assessed but also contribute to the consideration of 
the wide scale adoption of PVs as a viable source of electricity 
The data used in the results chapters that follow are from two basic sources. The 
energy analysis and LCI data were compiled by Frischknecht et a]. (1994) and the 
econornic analysis data are from a report published by the European Commission 
(EPIA, 1995). Both these sources of data were adjusted so that they represent the 
technology of recently installed PV systems. 
The validation of the data from these sources is provided in the rcsults chapters hy 
clearly stating the assumptions made, by comparing the results presented mth other 
studies and by performing a sensitivity analysis of the parameters invok ed. 
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5. The Economic and Environmental Costs of Module 
Manufacture. 
This chapter evaluates the economic costs and environmental burdens of cr-ystalline 
silicon PV module manufacture. It does this by comparing the manufacture of mono- 
crystalline and polycrystalline silicon (m-Si and p-SI) modules based on the processes 
described in detail in Chapter 2. A cntical breakdown of the economic costs of 
module manufacture based on the EPfA (1995) report 'photovoltaics in 2010' Is 
provided. This is compared with a similar breakdown of energy inputs and other 
environmental burdens based on the life cycle inventory database 'Okoinventare fUr 
Energiesystemen' from ETH Zurich compiled by Frischknecht et al. (1994). 
After this initial introduction, section 5.1 outlines the technological assumptions upon 
which the results presented in this chapter are based. This ensures that the results are 
as transparent as possible and that the economic and environmental costs are 
compared on an equal basis. Section 5.2 analyses the energy and environmental costs 
of module manufacture by comparing m-Si and p-Si module manufacture, first in 
terms of energy analysis and then in terms of LCI analysis. Economic cost results are 
then presented in section 5.3 providing a detailed breakdown of the costs of module 
manufacture. Each of the results sections will be validated by comparing the results 
presented with other recent and similar studies. Section 5.4 then provides a 
comparison between the economic and environ-mental analysis of the costs of module 
manufacture and Section 5.5 concludes the chapter. 
5.1 The Technological Assumptions Assumed for Modules. 
The main assumptions made for both environmental and economic costs in this 
chapter are shown in Table 5-1 below. The data presented therefore represent the m-o 
crystalline silicon technologies as they are currently applied \\'Ith an assumed annual 
production of 2-5 MWp. The assumed efficienc\, of modules is based on estimates of 
field experience of modules i. e. 10-140o for p-Si and 122-161o for m-Si modules to 
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give a true picture of systems currently installed'. As indicated at the bottom of Table 
5-1 1 kWp of panels is around 7.69 M2 for m-Si and 8.33 M2 for p-SI the difference in 
area required being due to the lower efficiency of p-Si modules. 
Table 5-1: Technological Assumptions of the Analysis of Module Manufacture. 
Assumption M-si -si 
Wafer thickness 350 ýtm 350 ýtrn 
Kerf loss 200 ýtm 200 ýtm 
Individual cell area 98 CM2 100 CM2 
Annual production capacity 2-5 MW12 2-5 MW, 
Module Efficiency 13% 
_I 
2 0/, o 
Module Output 130 Wr, /M2 120 Wým 2 
m2 of module per M, 7.69 M2 8.33 M2 
5.2 The Environmental Burdens of Crystalline Silicon Photovoltaic 
Module Manufacture. 
This section analyses results based on data from the ETH Zurich, LCI database by 
Frischknecht et. al. (1994). This is used to provide an energy analysis (section 5.2.1) 
and streamlined LCI analysis (section 5.2.2). The database from ETH Zurich does not 
provide data separated into the 5 main steps of module manufacture described in 
chapter 2. For reasons of commercial confidentiality the LCI data could not be 
separated in this way and the EG silicon ingot growth and wafer manufacturing 
processes could not be isolated (Frisch-knecht et. al. 1994). The difference in the 
division of processes is that in the LCI results the High Purity Silicon manufacture 
stage is divided into the MG Silicon and EG silicon manufacturing stages. The EG 
Silicon manufacture stage is then aggregated with the ingot and wafer manufacturing 
stages. Figure 5-1 shows how the data will be divided in this section in comparison to 
how module manufacture was described in chapter-2. 
The next sub-section uses this inventory data to provide an energy analysis of module 
manufacture. 
1 See discussion on module efficiencies in Chapter 2. 
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Figure 5-1: Division of Life Cycle Inventory Results. 
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5.2.1 Energy Analysis of the Manufacture of Crystalline Silicon Modules. 
This section compares the primary energy input required for manufacturing I kWp of 
p-Sl and m-Si panels. The primary energy input is calculated using energy resource 
use data from the ETH Zurich life cycle inventory. The data for this analysis are 
recorded in tabular form in Appendix 5-1. The energy resource figures found in the 
LCI were converted to primary energy equivalents using the conversion factors shown 
in Table ill in Appendix 5-1. 
Figure 5-2 shows a companison of primary energy input into module manufacture on 
a per m2 of module basis (the data for which are shown in Appendix 5-2). This figure 
shows that m-Si modules are notably more energy intensive to manufacture than p-Si 
modules. It also clearly shows the energy intensive nature of the ingot and wafer 
manufacturing stage. This is due to the high temperatures and sloýý nature of ingot 
manufacture. The ingot and wafer stages of production are substantially less energý 
intenslvc for p-S1 than for m-S1 PV modules due to the higher energy requirements for 
producing single crystal ingots. The higher energy input for MG silicon in the p-Si 
modules is due to the higher requirement of silicon for the p-Si wafers. This is due to 
the fact that when the ingots are made significant parts of the p-SI %\afer are lost as 
they are contaminated from the mould. In contrast the m-Si ingot is drawn from a 
melt \\ith no mould and therefore no contamination. The result is that more Silicon is 
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used for manufacturing each p-Si wafer and hence more energy is embodied in the 
MG silicon stage of p-SI module manufacture. The energy inputs into the cell and 
module manufacturing stages are identical between the technologies indicating the 
identical nature of the processes assumed. 
2 Figure 5-2: Primary Energy Input for Producing 1m of Crystalline Silicon Modules. 
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Figure 5-3 below illustrates the same comparison but on a per kWp of module basis. 
It shows that in primary energy terms p-S] panels are still less energy intensive than 
m-S] panels on a per kWp of modules comparison but the difference between the two 
technologies is reduced. This results from the fact that the panel area of p-S1 modules 
per kWp is greater than for m-S] (8.33 M2 and 7.69 M2 per kWp respectively). 
Figure 5-3: Primary Energy Input for Producing I kWp of Modules in 1992. 
0 MG silicon 0 Ingot & Wafer 11 Cells 11 Module 
P-Si 
M-sl 
80000 
Frameless modules have also recentlv been made and are included in the Frischknecht 
et. al. (1994) study. Called laminates, they are made without the aluminium frames. 
Therefore as expected laminates use substantially less energy than framed modules 
due to the large reduction in use of energy intensive aluminium in the frames. A 
comparison of the primary energy input into m-Si and p-Si modules and laminates on 
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a per kWp basis is shown in Figure 5-4. It shows that the manufacturing stage turning 
cells into PV panels is notably less energy intensive for laminates than framed 
modules. 
Figure 5-4: Comparison of primary energy use for manufacturing I kWp of crystalline silicon 
laminates and modules. 
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Validation of the energy analysis results presented in this section is necessary to 
justify their use in the rest of this dissertation. Drawing on a wide range of 
information available on energy analyses of PVs the results presented above can be 
validated (for references see labels on graph). As mentioned in chapter 2 results of 
energy analyses can vary substantially depending on how the methodology is applied 
and the assumptions made. This means that validating such data is a question of 
ensuring that they are in the nght 'ball park' and not orders of magnitude different to 
comparable studies based on similar assumptions. 
Figure 5-5 shows the estimated primary energy input for producing I m" of crystalline 
silicon modules and illustrates a wide variety of results from different studies. The top 
4 bars in this figure show the results already presented in this chapter. 
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Figure 5-5: Comparison of results of primary energy input into IM2 of crystalline silicon PN' 
modules. 
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The figure shows that these results are in the right 'ball park' in terms of being in the 
same order of magnitude as other studies. Much of the data from other studies could 
not be divided in the same way as the results from the ETH Zurich data set. For 
example the data presented bv Hagedorn (1989) were divided into wafer, cell and 
module manufacturing stages. The bar area for the wafering manufacturing stage 
Cells Module 11 Other 
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therefore includes all the primary energy embodied up to and including the 
manufacture of wafers. 
The most recent study is by Alsema et. al. (1998) who brought together results from a 
number of different authors in the field of energy analysis of PVs. It is reassuring to 
find the estimates used in this study lie between the upper and lower estimates of their 
results. Hagedorn (1989) is often cited as a source for energy payback times and 
embodied energy data. The ETH data used in this dissertation references Hagedorn's 
work. Hagedom gives high and low estimates, the high estimates being for the 
technology as it stood in 1989 assuming wafers of 400 ýtm thickness and small scale 
production. The low estimates assume a much advanced technolo(gy with large scale 
production and a wafer thickness of 200 ýtm. Hynes et al. (1996) also references 
Hagedom's work. 
Palz and Zibetta (1991) give the lowest energy input estimate which is around 4 times 
lower than the estimates used in this dissertation. However this can be better 
understood when the assumptions made in the respective studies are considered. Palz 
and Zibetta, assumed a wafer thickness of 190 gm and used a predicted energy input 
for solar grade silicon instead of EG silicon which was arguably an over 
optimistically low energy input for the silicon 2. Hynes et al. (1995) also gives a low 
energy input and this can be explained by the fact that this study is based on data from 
Palz and Zibettas work. Martinelli (1990) on the other hand gives a high estimate for 
m-Si modules and yet he did not include any energy prior to the ingot stage of 
manufacture! What Figure 5-5 does show is that the results presented in the section 
above are within the broad range of energy analysis results that have been presented 
in recent years. 
5.2.2 Life Cycle Inventory Analysis. 
Using a streamlined life cycle inventory analysis approach, this section provides an 
account of some of the resources used and emissions released during the manufacture 
The estimate Palz and Zibetta used for the energý input into a kg of solar grade silicon %%as similar 
to 
, of 
MG silicon. that ot'a ku 
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of crystalline silicon modules. Again it is based on the life cycle inventory data from 
Frischknecht et. al. (1994). Comparison is made of the manufacture of P-SI and m-Si 
2 
modules on a per m and per kWp of module basis. The case of laminates (frameless 
modules) is also considered and finally the results presented will be validated with 
reference to other studies. 
Resource Use. 
Firstly, the non-energy resource use figures selected in the streamlined LCI are 
considered. On a per M2 basis, Figure 5-6 shows on a logarithmic scale that for many 
of the resources presented the resource use is very similar for both m-Sj and p-Si 
technologies. This result is expected given the similarity of the materials used in their 
manufacture. For all the resources recorded the resource use is of the same order of 
magnitude for both technologies. For silver and Bauxite, the resource use is almost 
identical. This is due to the fact that the same processes are emploved in the cell 
fabrication and module manufacturing stages of production. For the other resources 
recorded, p-SI module manufacture is less resource-intensive due to the less 
machinery-intensive nature of the manufacturing processes. 
Figure 5-6: Resource use for manufacturing IM2 of crystalline silicon PV modules. 
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Figure 5-7 illustrates the same comparison on a per kWp of modules basis. The graph 
is also on a logarithmic scale and again shows, for all the resources illustrated, the 
similarity of the 2 technologies. However considering the actual values it also shows 
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that the production of I kWp of m-Si modules is less resource intensive than the 
production of I kWp of p-Si modules for silver and bauxite resource use, but more 
resource intensive for the other resources recorded. The higher resource use of p-Si 
modulesfor silver and bauxite is due to the larger area of p-SI modules required to 
produce a system of I kWp and the fact that more area related resources are therefore 
required for its manufacture. 
Figure 5-7: Use of Selected Non-energy Resources for Manufacturing I kWp of Crystalline 
Silicon Photovoltaic Panels. 
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The use of zinc and tin is relatively low compared with the other resources 
considered, but as we shall see in the next chapter their use is substantial for PV 
systerns as a whole, hence their inclusion in these results. The streamlined LCI 
results for p-Si and m-SI module manufacture, per kWp or modules, are presented in 
tabular form in Appendix 5-3. 
Figure 5-8 and 5-9 below show, in percentage terms, where these resources are used 
for m-SI and p-SI module manufacture respectively. Both charts show that for half of 
the resources shown the ingot and wafer manufacturing stage is the most resource 
intensive stage of module manufacturing. However, certain materials are used 
notablý, more in some processes than others. For example: silver is used in the cell 
r cal contacts- bauxite Is required for the panel mak making stage for elect II ing stage 
because alurninium is used to frame the panels, and copper is used in the panel stage 
to connect the cells together and for Nviring. 
M-sl P-Si 
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Comparison of Figures 5-8 and 5-9 also shows that for m-Si module production the 
ingot and wafer stages of manufacture dominate more than for p-SI I is i modules. This i 
due to the capital., energy and material intensive nature of ingot manufacture for m-SI 
relative to p-Si modules. 
Figure 5-8: Breakdown of Non-energy Resource Use in Manufacturing I kWp of M-Si 
Photovoltaic Panels. 
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Figure 5-9: Breakdown of Non-energy Resource Use in Manufacturing I kWp of p-Si 
Photovoltaic Panels. 
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Emissions to Air. 
For emissions to air Figure 5-10 below shows, on a logarithmic scale, that per m of 
module the air emissions associated Nvith the two technolognes are of the same order 
of magnitude. However it does show that p-Si module production is generally 
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associated with fewer air emissions than m-Si module production, although this is not 
the case for all the emissions recorded. The exceptions are vinyl chlonide, phenol and 
cyanide which are emitted substantially more II in p-Si module manufacture. 
Figure 5-10: Air Emissions from Manufacturing IM2 of Crystalline PNI' Modules. 
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The emissions associated with energy use, such as CO,., NOx, SOx. are the most 
dominant of air emissions in terms of amount of emissions. It is notable that carbon 
dioxide emissions are at least 2-3 orders of magnitude higher than an-v other air 
emissions and are followed in size by other energy related emissions illustrating that 
energy use is a notable contributor to air emissions from module manufacture (see 
Appendix 5-4 for streamlined LCI data per M2 of module manufacture). 
Figure 5-11 shows the same comparison but on a per kWp of modules basis. It shows 
that m-S] modules generally still have higher associated emissions. The superior 
performance of the m-S] modules is not sufficient, under the assumptions made, to 
offset the higher burdens associated with their manufacture when compared with p-Si 
module manufacture. In addition to emissions of vinyl chloride, phenol and cyanide, 
emissions of carbon monoxide and hydrogen sulphide are also higher for p-S1 modulc 
manufacture. Such differences can be further examined when the air emissions are 
broken down into the stages of manufacture from which they are emitted. 
Figure 5-12 and Figure 5-13 show, in percentage terms, in which stages of module 
production the above mentioned air emissions are generated. As was the case for 
resource use, most emissions to air are generated predominantly from the ingot and 
wafer manufacturing stages of production. Again, this domination is more the case 
for the m-Si technology due to the relative resource and energy intensive nature of 
ingot manufacture for m-Si relative to p-SI modules. 
Figure 5-10 showed that phenol and vinylchloride emissions to air are much higher 
for p-SI module manufacture than for m-Si module manufacture even on a per m2 of 
module basis. Figure 5-12 and Figure 5-13 show that this is due to the dominance of 
such emissions in the ingot and wafer stage of p-Si module manufacture. The inumt 4;? - - 
growth stage is where the two technologies differ, as described in chapter 2, hence it 
is not surprising to find differences in emissions at this stage in manufacture. 
169 
Chapter 5: The Econornic and Environmental Costs of Module Manufacture. 
Figure 5-11: Emissions to air from manufacturing I kWp of crystalline silicon PV modules. 
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Figure 5-12: Breakdown of Emissions to Air Released in Manufacturing I kNVp of ni-Si 
Photovoltaic Panels. 
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Figure 5-13: Breakdown of Emissions to Air Released in Manufacturing of p-Si Photovoltaic 
Panels. 
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Emissions to Water. 
For emissions to water Figure 5-14 below shows, on a logarithmic scale. that on a per 
kWp of modules comparison emissions are of the same order of magnitude for the 
two technologies. However m-Si modules tend to have greater emissions associated 
with their manufacture than p-SI modules. Counter to this general trend are the 
readings for biological oxygen demand (BOD), chemical oxygen demand (COD), 
formaldehyde and trichloroethylene which are higher for p-Si. For chlorine einissions 
m-SI module production is associated with the emission to water of twice as much 
chlorine when compared to p-Si. This is due to differences In manufacture at the 
ingot manufacturing stage. 
A look at the breakdown of emissions to water for different stage in the manufacturc 
of modules reveals where these differences occur. Such a breakdown is shoxvii in 
Figure 5-15 and Figure 5-16 for m-Si and p-Si panel production respectively. Again 
the emissions mainly occur in the ingot and wafer manufacturing stages of 
production. Notable exceptions for m-SI are Formaldehyde and Ammonia emissions, 
COD and BOD which are highest at the panel manufacture stage and hydrosulphuric 
acid, the emissions of which are generated predominantly at the MG silicon stage. 
Formaldehyde emissions to water occur almost entirely at the module manufacturing 
stage of production, due to the use of resins in the encapsulation processes involved. 
Chlorine emissions are released more predominantly at the ingot and wafer 
manufacturing stages of production for m-SI than for p-Si, again illustrating the 
difference in the technology at this manufacturing stage. 
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Figure 5-14: Emissions to Water from Manufacturing I kWp of Crývstalline Photovoltaic 
Modules. 
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Figure 5-15: Breakdown by Manufacturing Stage of Emissions to Water Released During 
Production of m-Si PV Modules. 
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Figure 5-16: Breakdown by Manufacturing Stage of Water Emissions Released in Producing p-Si 
Photovoltaic Modules. 
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Comparison of Frameless Laminates with Framed Modules. 
As would be expected from the energy analysis results, when comparing the 
environmental burdens of manufacturing crystalline silicon laminates with framed 
modules there are significant environmental benefits of using the former. Figure 5- 17 
below shows that for the resources that are used most intensively there are sig"Ificant 
savings, i. e. for copper, iron and bauxite. The biggest saving is in aluminium 
(bauxite). This is not surprising considering that modules in this analysis are assumed 
to be framed with alurninium whereas laminates do not have this frame. More 
surprisingly, some of the lesser used resources are actually used more for 
manufacturing laminates rather than framed modules but such resource use increases 
are orders of magnitude lower than the savings just mentioned. Such findings cannot 
be explained with any certainty as laminates are essentially frameless modules and 
hence no resources should be used more in their manufacture when compared with 
frarned modules. 
Figure 5-17: Comparing Resource Use for m-Si Laminate Manufacture with Framed Module 
Manufacture (per kWp). 
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In terms of air emissions Figure 5-18 shows that there are notable environmental 
benefits in terms of many of the air emissions recorded for using frameless laminates 
instead of frarned modules. For none of the emissions chosen was there a benefit in 
using frarned modules rather than frameless laminates. A similar benefit can be seen 
when looking at emissions to water (see Appendices 5-3 and 5-4). 
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Figure 5-18: Comparison of air emissions from producing m-Si laminates and panels. 
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Validating the LCI results presented above proved to be more difficult than for energy 
analysis. This is due to the fact that there are fewer studies on the emissions 
associated with module manufacture than there are energy analysis studies, There are 
even fewer that could be compared to the ETH Zurich database. ETSU ( 1996) and 
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Baumann (1997) studies both provided some life cycle inventory type data. The 
ETSU (1996) report lists a life cycle inventory for 4 technologies P-SI, m-SI, CIS and 
CdTe. Baumann (1997) considers some of the major emissions to air associated with 
energy use which combined with the energy use figures from m-Si module production 
can be used to obtain emissions to air estimates for module manufacture. This 
enables comparison of some air emissions to be considered. Figure 5-19 and 5-20 
compare the figures presented in these studies that could be compared with those 
presented in this dissertation on a per mI of module basis. The first 4 bars refer to the 
results presented in this dissertation. 
For C02 emissions, presented in Figure 5-19, the emissions recorded by Baumann 
were similar to those recorded in this dissertation whereas the ETSU figures were 
considerably lower. The emissions for SOx, NOx and particles, presented in Figure 
5-20, are all lower for the two studies when compared to the ETH data. However 
when it is considered that such emissions are strongly correlated to energy use 
differences can be explained by the contrasts in embodied energy estimates of the 
studies. The ETH Zurich data for energy use were notably higher than both the ETSU 
and Baumann studies (see Figure 5-5). 
2 
Figure 5-19: Comparison Of C02 emissions per m from the manufacture of crystalline silicon 
photovoltaic modules. 
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Figure 5-20: Comparison of SOx, NOx and Particles Emissions per m' from the manufacture of 
crystalline silicon photovoltaic modules. 
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Figure 5-21 and Figure 5-22 show the same emissions but on a per MJ of primary 
energy input basis. The CO--) emissions per MJ of primary energy embodi I the 
Baurnann (1997) study were quite high and the particles emissions for ETSIJ (1996) 
quite low. Factors such as the assumed energy sources can help explain such 
discrepancies. For example if the electricity input used in module manufacture is 
assumed to come from the UK electricity mix it will have higher associated emissions 
of CO-, SOx, NOx and particles than if it is assumed to come from the Austrian mix 
which has a much lower contribution to its electricity supply from fossil fuels and a 
much larger Hydro input. 
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Figure 5-21: Comparison Of C02 Emissions to Air per MJ of Primary Energy Input into 
Crystalline Silicon Photovoltaic Module Manufacture. 
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Figure 5-22: Comparison of SOx, NOx and Particle Emissions to Air per MJ of Primary Energy 
Input into Module Manufacture. 
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Such differences highlight a major problem in comparing LCI data from different 
sources and indicate that results can vary greatly depending on the assumptions made. 
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5.3 The Economic Cost of Module Manufacture. 
This section provides an account of the economic costs of p-Si and m-SI module 
manufacture. It does this by drawing on the cost data put together by the EPIA (1995) 
with alterations to ensure the assumptions are comparable with the LCI data presented 
above (see chapter 4). The economic cost results presented below divide costs into 
the 5 main stages of module manufacture initially. Unfortunately the cost data for 
high purity silicon (EG Silicon) were not available for the detailed breakdown of 
costs, and so for most of the following analysis the high purity silicon manufacture 
stage of module production is combined with the ingot manufacture stage. This cost 
breakdown is compared with the way module manufacture was described in chapter 2 
in Figure 5-23. 
As for the previous section comparison will be made per kWp and per m' of module 
to account for differences in performance of the modules. The different types of cost, 
and stage of manufacture at which the costs are incurred, are also accounted for. 
Figure 5-23: Division of Economic Costs. 
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5.3.1 Results of the Breakdown of Module Costs. 
The results in Figure 5-24 break down the costs into 5 cost types. materials, 
electricity, labour, capital CoStS3 and overheads. These costs are compared over the 
different stages of module manufacture on a per m 1) of module basis. Figure 5-2-S 
shows the same breakdown on a per kWp of modules basis. The data on which these 
graphs are based are from the EPIA (1995) study and are presented in tabular form in 
Appendices 5-5 and 5-6 on a per kWp and per M2 basis respectively. 
Figure 5-24 shows that, p-Si is the cheaper technology when compared on a per rn2 
basis. In contrast figure 5-25 shows that on a per kWp basis the cost of modules is 
comparable for the two technologies. Comparing the two graphs illustrates a trade- 
off between performance and cost under the assumptions made. The extra 
performance of m-si modules means that less of thern are needed per kWp, this 
2 benefit makes up for the extra cost per m so that per kWp m-Si modules costs are 
similar for the two technologies. It will be shown in Chapter 9 that this trade-off is 
very senstitive to the assumptions made. On a per m2 of module basis it can be seen 
that the major differences between the two technologies lie in the cost of electricity 
consumption and capital expenditure, both of which are significantly higher for m-SI 
than they are for p-S1 modules. 
Figure 5-24: Economic breakdown of cost type for the manufacturing of Im2 of PV modules. 
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Both Figure 5-224 and Figure 5-25 show that the manufacture of modules is dominated 
jal intensive technology. However, this is exaggerated bv material costs. it is a mater, 
in the graph by the fact that the cost of processes making EG silicon is not recorded in 
3 Which accounts for the cost of equipment, machinerv and buildings. 
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detail but is simply recorded as a material feedstock to the ingot manufacturing 
process (EG silicon accounts for 355 and 352 f/kWp of the material costs of m-SI and 
p-SI module manufacture respectively). 
Figure 5-25: Economic Breakdown of Cost Type for the Manufacture of I kNN*p of Crystalline 
Silicon Photovoltaic Modules. 
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Figure 5-26 and Figure 5-27 below show a breakdown of the module costs into stages 
of production to show at which stages the costs are incurred (at this aggregated level 
the costs can be divided into the 5 main process stages - i. e. FG silicon and the ingot 
manufacture stage are separate). For both technologies the major costs are incurred at 
the latter end of the production processes in the cell manufacture and module 
construction stages. For m-Si the ingot manufacture stage also has a relatively high 
cost due to the capital and energy intensive nature of this process stage. 
2 
The difference between the 2 technologies is clearly shown on am basis. Figure 
5-26 shows, as would be expected, that for most of the production stages the costs are 
very alike due to the similarity in most of the production process stages. The 
exception to this is the ingot manufacture stage where m-Si ingot costs are twice as 
high as p-Si ingot costs for reasons that will become apparent below. 
Figure 5-26: Economic Cost Breakdown in Manufacturing Stages for the Production of I M2 Of 
Crystalline Silicon Photovoltaic Modules. 
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Figure 5-27: Economic Cost Breakdown in Manufacturing Stages for the Production of I kNN'p of 
Crystalline Silicon PV Modules. 
E EG Silicon 11 Ingot 0 Wafer m Cell 
P-Si 
rrl7-SI 
0 
Material Costs. 
500 1000 1500 2000 
costs in f/kWp 
0 Module 
2 ý()o 
As illustrated in Figure 5-24 and 5-25 above material costs represent the highest cost 
2 
component of module manufacture. On a per m basis Figure 5-28 shows the stage of' 
manufacture at which the material costs are incurred. It shows the similarity of the I 
technologies in terms of materials costs and emphasises that it is the processes 
involved which make the difference between the technologies. The materials used 
are essentially the same with the exception of the ingot manufacturing stage. At this 
stage, m-S1 modules have higher material costs compared with p-Si modules due to 
the more complex nature of the processes involved. 
Figure 5-28: Material Costs Breakdown in Manufacturing Stages for Im2 of Photovoltaic 
Modules. 
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In the ingot stage around 80% of the material cost is for the EG silicon input. In the 
cell manufacture stage material costs arise due to the use of chemicals in the number 
ofprocesses involved in turning a wafer into a PV cell (see Chapter 2). At the final 
module' manufacture stage the material costs can be accounted for by the 
large 
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amount of finished materials used to encapsulate the module such as toughened glass 
and coated aluminium profile frames. 
Figure 5-29: Material Costs Breakdown in Manufacturing Stages for I kNN*p of Photovoltaic 
Modules. 
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Labour costs are the second highest cost element in module manufacture. Figure 5-30 
2 
shows that on a per m basis it is the extra labour required in ingot manufacture that 
have the biggest difference between the labour costs of the 2 technologies. It also 
shows that labour costs are highest at the latter stages of module production as the 
processes involved become less machine orientated and more labour intensive'. 
Labour costs could potentially be cut with increased output as more automated 
processes would be cost effective on a large scale. 
Figure 5-30: Labour Costs Breakdown in Manufacturing Stages for Im2 of C rystalline Silicon 
Photovoltaic Modules. 
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On a per kWp of modules comparison Figure 5-331 shows that labour costs are 
comparable for the two technologies. This is accounted for bv the larger area of 
modules required per kWp of p-Si modules compared with m-Si modules. 
Figure 5-31: Labour Costs Breakdown in Manufacturing Stages for I kWp of Crystalline Silicon 
Photovoltaic Modules. 
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Overhead Costs. 
Overhead costs are also known as indirect costs because they cover all costs that are 
not directly associated with the product concerned. In PV module manufacture 
overhead costs represent a noteworthy proportion of total costs. These costs include 
heating and lighting of the factory, maintenance and provision of services to support 
the staff They are fixed in the sense that they remain the same for each production 
facility regardless of output. These costs could be cut if the productivity of the plant 
were increased. 
Figure 5-32 and Figure 5-33 again show that these costs are highest in the latter stages 
of module manufacture and also show the trade-off between performance and cost. 
2 Overhead costs are higher for m-SI modules on a per m basis but are higher for p-Si 
modules on a per kWp of modules basis but again are comparable and differences are 
within the range of uncertainty of the results. 
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Figure 5-32: Overhead Cost Breakdown in Manufacturing Stages for I M2 Of C rystalline Silicon 
Photovoltaic Modules. 
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Figure 5-33: Overheads Cost Breakdown in Manufacturing Stages for I kWp of Crystalline 
Silicon Photovoltaic Modules. 
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Capital Costs. 
Capital costs constitute less than 10% of the overall costs of module manufacture. 
However, it is in capital costs that p-Si and m-Si module manufacture differ 
significantly. As Figure 5-34 and 5-35 show the ingot manufacturing stage is the most 
expensive in terms of capital costs. This is due to the expensive machinery that is 
required and the tirne consuming processes involved in ingot manufacture. 
especially the case i ingot manufacture which is so capital intcnsiv, c '17111 11 for m-S 
that the total capital costs associated with m-Si ingot manufacture are over twice 
those for p-S] module manufacture even on a per kWp comparison. 
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Figure 5-34: Capital Costs Breakdown in Manufacturing Stages for Im2 of Photovoltaic 
Modules. 
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Figure 5-35: Capital Costs Breakdown in Manufacturing Stages for I kWp of Crystalline Silicon 
Photovoltaic Modules. 
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The electricity costs presented below are process electricity costs only i. e. the 
electricity costs are only for electricity used in the manufacturing stages of modules 
that are mentioned. The figures do not include for example electricity used in 
manufacturing EG silicon which would greatly alter the results - such costs are 
included in the materials costs mentioned earlier. The results presented in Figures 5- 
14 and 5-25 seern to indicate that photovoltaics are not energy intensive as the 
electricity costs are not dominant in the module costs. However it was illustrated in 
section 5.2 that energy use is one of the main impacts that PVs have on the 
environment indicating the current lack of value placed on energy sources and the 
effect their use has on the environment. 
When comparisons are made on a per m2 of module basIs (shown In FIgure 5-36), the 
electricity costs of m-Si module manufacture are around 2.5 times as much (in terms 
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of direct electricity use) as p-Si module manufacture. Despite similar electricity costs 
in the other stages of manufacture, over 5 times as much electricity is required 
directly in the ingot manufacturing processes for m-Si modules compared xvith the 
same stage for p-SI module manufacture. 
2 Figure 5-36: Electricity Costs Breakdown in Manufacturing Stages for IM of Photovoltaic 
Modules. 
N In-got OWafer OCell 0 Module 
P-Si 
M-sl 
0 10 15 20 25 
electricity costs mf per square metre 
On a per kWp of modules basis, Figure 5-37 shows that the electricity costs associated 
with m-Si ingots are still nearly 4 times as much as for p-Si ingots in terms of process 
energy. This difference in electricity costs is due to the energy intensive nature of m- 
Si ingots relative to p-SI ingots. This is because the processes are much more 
cornplicated for the fon-ner and produce smaller ingots. At the high temperatures 
under which ingots are made, and the length of time required to manufacture them, 
this difference in ingot size adds greatly to electricity costs. 
Figure 5-37: Electricity Costs Breakdown in Manufacturing Stages for I kWp of Photovoltaic 
Modules. 
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Validation of Economic Costs of Modules. 
The costs presented above are industrial costs, modules are actually sold 
for more 
than this in order for firms in the industry to cover investment costs (such as the costs 
of expanding production) and to make profits. In recent years profit margins 
have 
190 
Chapter 5ý The Economic and Environmental Costs of Module Manufacture. 
been kept low to stimulate the market. According to the EPIA (1995), such modules 
are sold at around 15-20% above the costs of manufacture, but this percentage could 
increase as the market grows, particularly if demand continues to outstrip supply. 
Because the PV industry is still quite new there is no such thing as a standard module 
price. Prices depend on the size of the order and the customer's specification, hence 
validating these results is again a case of checking that they are close to estimates 
given by other references. Martinelli (1990) and Kelly (1993) perfon-ned similar 
analyses breaking down the costs of crystalline silicon module manufacture into the 
main manufacturing stages. Figure 5-38 shows the results of these studies compared 
with those presented above. The assumed profit margin in each case is 20%. 
Martinelli's results are significantly lower than those presented in this dissertation. 
This discrepancy can be explained by the fact that Martinelli's work is based on cost 
predictions for 1996 made in 1990. The results in Kelly (1993) are for p-SI modules 
and are comparable with the p-SI module costs presented here. 
Figure 5-38: Comparison of the Economic Cost of Crystalline Silicon Module Manufacture from 
Different Authors. 
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f4.2/Wp for the Northumberland building in Newcastle in 1994 (Pearsall. 1996b), 
0.19 for the Oxford Eco-house in 1994 (Roaf and Fuentes, 1996) and fI 'A 0 for the 
Serre 3 MWp plant in 1996 (Menna, 1996). It is clear that the figures from the EPIA 
(1995) that are used in this dissertation are within the range of estimates for module 
prices found in literature on the industry. 
5.4 Comparing Economic and Environmental Costs of Photovoltaic 
Module Manufacture. 
The economic costs and environmental burdens associated vvith crystalline silicon 
module manufacture showed some similarities. Both the economic and 
environmental cost calculations showed that under the assumptions made p-SI 
modules generally have lower costs than m-SI modules on a per m2 of module basis, 
but that on a per kWp basis the difference is reduced. The relative expense of m-Si 
ingot manufacture compared with p-Si was clear on both economic and 
environmental grounds. 
Differences in the economic and environmental costs can also be seen. Most of the 
economic costs are incurred at the latter end of the module manufacturing processes, 
a result of using more processed, area related materials such as glass and aluminium 
frames and labour. However on a life cycle inventory and primary energy input basis 
the costs/burdens are incurred during the energy, machinery and time intensive 
processes of making the ingots, more so for m-Si. This is shown for m-Si and p-Si 
modules in Figure 5-39 and 5-40 below. 
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Figure 5-39: COmParing the Economic Cost and Environmental Burden of Producing m-Si 
Silicon Photovoltaic Modules. 
N Wafer 0 Cells 11 \, I odule 
ECONOMIC COSTS 
M at erial s 
Labour 
Overheads 
Capital 
Electricity 
P RI MA RY EN ERGY 
EMISSIONS TO WATER 
VOCs as C 
Arsenic 
Chlorine solutions 
EMISSIONS TO AIR 
M ercury 
Cadmium 
Carbon Dio)ade 
RESOURCE USE 
Iron 
Copper 
Bawate 
0% 20% 40% 6 0'/'0 80% 1000/'0 
% Cost or Burden 
193 
Chapter 5ý The Economic and Environmental Costs of Module ManUfacture. 
Figure 5-40: Comparing the Economic Cost and Environmental Burden of Producing p-Si 
Photovoltaic Modules. 
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A graphical illustration of the difference between the timing of the economic and 
environmental costs is shown in Figure 5-41 below for m-SI module manufacture. 
The cumulative added economic cost of module manufacture in % terms is plotted on 
the horizontal axis and the vertical axis plots the cumulative primary energy use in % 
terms so that by the end of module manufacture both energ)' and economic costs 
equal 1000//o. The three points on each line in this graph from left to right represent 
the 3 stages of module manufacture on which economic costs can be compared with 
primary energy use, i. e. the first point represents all the processes upto w-afer 
rnanutacture, the second cell manufacture and the third module manufacture. 
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The graph therefore shows that the processes up to and including wafer manufacture 
account for around 45% of the economic cost but 68% and 76% (for framed modules 
and frameless laminates respectively) of the primary energy use of module 
manufacture. Using primary energy use as a representative of environmental burdens 
this graph shows that while the economic value is significantly added in the latter 
stages of module manufacture the environmental burdens are incurred in the earlier 
stages. 
Figure 5-41: The Energy Intensity of Added Cost of m-Si Photovoltaic Module Manufacture. 
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5.5 Summary and Conclusions. 
This chapter has described the economic and environmental costs of PV module 
manufacture. It has shown that under the technological assumptions made p-Si 
module manufacture is less energy intensive than the manufacture of m-S1 modules 
on a per m2 of module basis. However, this difference is reduced when compared on 
a per kWp basis due to the superior performance of m-S1 i-nodules. 
The life cN, cle inventory results showed that resource use 
for the manufacture of the 
tx\o technologies was very similar but that for some of the resources chosen, p-SI 
modules \\crc less resource intensive on a per m2 of module comparison. 
On a per 
kWp comparison most of the resource use figures were closer 
for the _' technologies 
with the exception of sil\cr and bauxite which, 
being area-related materiak for the 
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cell contacts and the module frames respectively, were used more for the p-Si 
modules. This was due to the larger area of modules required for p-Si modules per 
kWp required. 
For emissions to air and water the results were similar to those for resource use. 
Generally emissions were lower for p-Si module manufacture on a per M2 of module 
comparison but were closer on a per kWp comparison. However, some emissions 
were higher for p-Si module manufacture (e. g. vinylchloride, phenol and cyanide 
emissions to air). 
Generally the ingot and wafer manufacturing stage was the most energy, resource and 
emission intensive stage of module manufacture. The use of frameless modules 
(laminates) had environmental benefits in terrns of reduced energy requirements, 
resource use and emissions to air and water. 
The economic costs of module manufacture also showed a benefit in terms of lower 
costs for p-SI module manufacture on a per m2 of module basis but total module costs 
for the two technologies are very similar on a per kWp basis so that at present there is 
no preference for either technology on economic cost grounds. The costs are 
dominated by material costs which are mainly incurred in the latter stages of module 
manufacture. Labour costs are also significant due to the labour intensive nature of 
stringing the cells together and handling the modules in the latter stages of 
manufacture on a per kg of ingot produced basis. 
The largest difference in costs is in capital and electricity costs where the ii-igot 
manufacturing stage of m-Si modules is substantially greater than for p-Si modules 
due to the energy, machinery and time intensive nature of single crystal ingot 
manufacture relative to p-Si ingot manufacture on a per kg of ingot produced basis. 
The economic and energy analysis results were both \ aliclated using rcsults from othcr 
studies. This showed that the results presented in this chapter Nkere mthin the ranLc 
of figures quoted by these other sources. The LCI data were not validated as cleark 
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due to a limited number of studies being available for comparison. In addition the 
LCI results for PV module manufacture would be sensitive not only to assumptions 
about the PV technology but also sensitive to assumptions for the LCI, such as the 
assumed energy source for electricity requirements for PV manufacture. The 
emissions that were compared were those associated with energy use and would be 
affected by the assumed source of energy. The comparisons that could be made 
showed that the results presented in this chapter were the same order of magnitude as 
those presented in other studies. 
In comparing the economic and environmental assessments of module manufacture it 
was found that the majority of environmental costs occurred in the processes up to 
and including ingot and wafer manufacture whereas the economic costs were largely 
added in the cell and module manufacturing stages. This difference has implications 
in the industry in that striving to cut costs may not lead to notable environmental 
benefits and that striving for environmental improvement may not currently be the 
best way of reducing costs. However in striving for environmental improvement there 
will be some benefit in economic terms. This relationship is dealt with in more detail 
in chapter 10. It also indicates the failure of the economy to put a real value on 
resources in terms of the impact using them has on the environment. 
The viability of PVs can not be assessed by considering the costs of module 
manufacture alone. PV modules can only perform a useful function if they are 
connected to a system. It is therefore important for the other components of a PV 
system to be considered before any assessment of viability can be made. The costs of 
systems are considered in the next chapter. 
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6. The Economic and Environmental Cost of Grid 
Connected Photovoltaic Systems. 
This chapter focuses on grid connected PV systems, as described in detail in section 3 
of chapter 2. It accounts for the costs of such systems in economic and environmental 
terms. It does this by providing an analysis of the balance-of-systern costs (BOS), 
which includes all the costs associated with a system apart from the module 
production costs discussed in the previous chapter. By adding BOS costs to the 
module costs from chapter 5, this chapter therefore provides an account of the total 
cost of PV systems. 
More specifically this chapter focuses on the costs of building integrated PV (BiPV) 
systems and illustrates the benefits of such applications of PV over central PV plants. 
Three benefits of BiPV systems over central PV plants were described in detail in 
Chapter 1. They were that: 
1. BiPV systems avoid costs such as land acquisition, fencing and foundations as 
the building on which the system is placed provides these functions. 
2. The avoided cost of conventional building materials that the BiPV system is in 
place of can be deducted from the cost as an avoided cost. 
3. BiPV systems can supply power to the point of use, avoiding transmission and 
distribution of electricity. 
The first benefit of BiPV systems descnbed above will be illustrated in sections 6.1 
and 6.2. The second benefit will be illustrated in section 6.3 using the avoided burden 
methodology described in Chapter4 and the third benefit will be considered in 
Chapter 7. 
After this initial introduction, Section 6.1 analyses the environmental costs, in terms 
of cner*,, resource use and emissions released to air, from the manufacture and 
installation of a variety of BiPV systems comparing them with a case suidy of a 
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central PV plant. This is followed , in section 6.2, with an analysis of the economic 
BOS costs of PV systems looking at a variety of systems costs from a wide range of 
sources. As for the previous chapter, companng the results with those of other studies 
will be used to validate the findings. The theory of avoided costs that was described 
in Chapter 4 is then applied to the assessment of costs of BiPV systems in section 6.33 
which will be used to account for the benefit of BiPVs in providing a dual function of 
weatherproofing of a building and electricity production. Section 6.4 NN-111 then 
compare the economic and environmental costs of BiPV systems and Section 6-5 will 
summarise the results and conclude this chapter. 
6.1 The Environmental Cost of PV Systems. 
Using life cycle inventory and primary energy analysis methods this section provides 
an account of some of the resources used and emissions released during the 
manufacture and installation of crystalline silicon PV systems to provide an 
illustration of the environmental burdens of such systems. As for the results in the 
previous chapter, it is based on the life cycle inventory data from Frischknecht et. al. 
(1994). The results presented in this section focus on the burdens associated with the 
BOS components of the PV systems I. These are then added to the burdens associated 
with module manufacture presented in the previous chapter. Thirteen PV systems are 
compared on a per kWp basis. These systems are listed in Table 6-1 below. 
This constitutes a comparison of 3 basic building applications of PV: facades, flat 
roofs and sloped roofs. These will be considered for 2 module types p-S1 and m-SL) as 
described in the last chapter, and 2 scenarios, basic and advanced. For the basic 
scenario framed modules are considered and are mounted on top of existing building, 
structures on sloped roofs, facades and flat roofs. In the advanced scenario laminates 
(frameless modules) are integrated into building structures for the facade and sloped 
roof systems and are applied using an 'optimised' support structure in terms of 
1 See chapter 2 for a descrIption of the BOS components of PV s) stems 
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material use for the flat roof systeM2 . These 12 building integrated sYstems are then 
compared to an actual case study of a PV central plant 3. 
Table 6-1: The Photovoltaic Systems Compared in Environmental Burden Calculationý. 
1. m-SI mounted facade. 8. p-Si flat roof improved 
2. p-Si mounted faqade 9. m-Si mounted sloped roof 
3. m-Si integrated facade IO. p-Si mounted sloped roof 
4. p-Si integrated facade I Lm-Si integrated sloped roof 
5. m-SI flat roof basic 12. p-Si integrated sloped roof 
6. p-SI flat roof basic 13. m-Si Central plant 
7. m-Si flat roof improved I 
6.1.1 Energy Analysis of the Manufacture and Installation of Photovoltaic 
Systems. 
The following section provides a primary energy analysis of PV systems. Figure 6-1 
below shows the total primary energy input for different PV systems, split between 
modules and BOS components and compared on a per kWp basis. The most striking 
result from this diagram is that PV modules account for the majority of the primary 
energy input for the building integrated and mounted PV systems (89-93.51/, o of the 
overall primary energy input). Another feature of this diagram is that PV systems on 
buildings have a substantial benefit over the central PV plant whose BOS elements 
account for 40% of primary energy requirements. This can be explained by the 
advantage that building integrated or mounted PV systems have in ha,,,, in(-, no 
requirements for foundations and significant amounts of the supporting structure also 
being saved. In addition the Central PV plant presented here is assumed to be in a 
remote area, green field site which required a 460m access road to be built and a 
perimeter fence to be erected (FrIschknecht et a]., 1994). 
I uller descnption. ' See Frischknecht et. al. ( 1994) for a fi 
I in the Swiss Jura Alps using m-S,, Based on the PHALK 500 k\Vp I 
laminates 
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The figure also shows that the primary energy Input for the BOS components of 
building integrated systems is similar to that of systems mounted on bui ings 4 
There are 2 main differences between building integrated and mounted PV svstems in 
this chapter. First systems mounted on buildings are assumed to be made from 
framed modules whereas frameless laminates are assumed for the advanced integrated 
systems. Secondly as their names suggest mounted PV systems are simply added to 
an existing building whereas integrated systems form part of that building and act as 
either the roof tiles or cladding panels of the building. 
Figure 6-1: Comparison of the Total Primary Energy Input per kWp of PV Power Plants 
1. m-Sl rmtd. facade 
2. p-SI n-ntd. facade 
3. rri, -Sl intd. facade 
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6. p-Sl flat roof basic 
7. m-SI flat roof in-proved 
8. p-SI flat roof improved 
9. n-v-SI ryintd. sloped root 
10. p-SI mntd sloped roof 
11. m-St intd. sloped roof 
12. p-Si intd. sloped roof 
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The data on which the total primary energy requirement of the BOS components is 
calculated are shown in Appendix 6-1 in Tables i to vi. 
However, it will be shown in Section 6.3 that building integrated systems 
have other advantages that 
, at environmental 
burdens. should be considered when looking 
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Taking the m-S1 integrated facade as an example, Figure 6-2 provides a breakdown of 
the primary energy used in the BOS components of a system. It shows the 'other' 
section (which covers the support structure, installation and transport of the system to 
the site etc. ) dominates the energy requirement of the BOS components. This is not 
surprising considering the support structure is assumed to be aluminium which is an 
energy intensive material. 
Figure 6-2: Breakdown of Primary Energy Input into the Balance of System Components of I 
kWp of a m-Si Integrated Facade System. 
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A similar chart could be drawn for a p-Sj integrated facade. The figures on which this 
breakdown is based and similar data for the BOS components of a p-SI facade are 
recorded in tabular forrn in Appendix 6-2 Tables vil to x. 
Validating the results presented above to justify their use in the rest of this thesis is 
perfon-ned below in Figure 6-3. It shows the primary energy input of the BOS 
components of PV systems recorded by various energy analysis studies. The top 3, 
bars show a selection of the results presented above and compares these with results 
from 3 other studies. The graph shows that the estimates for primary energy 
requirements of the BOS components of PV cladding systems in this dissertation are 
of the same order of magnitude as those presented in other studies. Hynes et al. ( 1996) 
presented a similar breakdown of the component parts of the BOS energy 
requirements. The inclined cladding system of Hynes et al. (1996) has a higher 
embodied energy than the vertical cladding systems because of the extra aluminium 
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supports being needed to hold the PV panels in an inclined position. In comparison 
Baumann (1997) and Hagedoorn (1989) only had a total energy requirement for the 
BOS components on which to compare results. Baumann (1997) and Hagedorn 
(1989) also argues that the embodied energy in a central PV plant is significantly 
higher than that of a cladding system. The most striking feature of the graph is that 
the energy requirement for the central PV plant presented in this dissertation is 
notably higher than any other estimation. This could be explained partly by the fact 
that the fencing, access roads etc. were included in this studv and vet are not 
mentioned in the others. 
Figure 6-3: Comparing the Primary Energy Input Figures of Balance of System Components of 
Different Studies. 
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Now that the embodied energy for whole systems has been considered and calculated 
consideration can be made of the perfon-nance of such systems in operation. This 
enables energy analysis factors such as energy payback times (EPTs), energy return 
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on investment (EROI) and net energy balances (NEBs) to be calculated as described 
in Chapter 4. Calculation of these is made in Table 6-2 below. 
The table presents calculations for 3 of the systems out of the 13 considered in the 
analysis above. The 3 chosen are the m-Si and p-Si integrated facades and the Central 
PV plant. To calculate the energy analysis factors an assumption about the output of 
such systems is made. The integrated facade systems are assumed to have an annual 
electricity output of between 700 and 1000 MAWp. This represents typical output 
of building integrated systems in poor to good urban locations in central to northern 
Europe (according to results presented by Solardach, 1998, Nyman, 1998, Cace et. al. 
1994, Pearsall,, 1996b and Roaf and Fuentes, 1996). In comparison the Central PV 
plant in this analysis is situated in the Swiss Jura Alps and being tilted towards the 
sun and facing due south have a higher annual output of 1200 kWli,, kWp 
(Frischknecht et. al. 1994). 
Table 6-2: Energy Analysis Factors for Photovoltaic Systems. 
m-Si Facade m-Si Facade p-Si Facade p-Si Facade Central plant 
himaiN Energy Input (MJ/kWp) 70305 70305 61694 61694 111659 
System Output (kWh(e)/kWp/year) 700 1000 700 1000 1200 
Lifetime 25 25 25 25 
Lifetime Energy Output (kWh(e) 17500 25000 17-500 25000 30000 
Lifteime Pnmary EnergN,, Output (MJ/k-Wp) 229239 32 74 85 22 92 39 327485 3340200 
Enerp, Payback Time (Years) 7.67 537 6.73 4.71 8,21 
Energ, y Retum on Investment (Ratio) 3 1 4.7 1 31 3.7 5, ' _1 
3.0 
Net Energy Balance 693 1 78.53' 1 731. 1.16 1 67.18 
Using these expected system outputs and assuming a 25 year lifetime 5 for the systems 
a lifetime electricity output can be calculated and is recorded in the 4th row of Table 
6-2. This lifetime energy output is measured in terms of electricity (kWh). To 
convert it Into a primary energy equivalent to compare it with the primar-y energy I 
input it therefore has to be multiplied by a factor which takes into account the amount 
of pnmary energy that is being saved per unit of electricity supplied. As discussed in 
chapter 4 this factor is 3.65 for BiPV systems as the electricitý, they supply i's 
A reasonable assumption given the results of accelerated life testini, of moduies (KelIN', 
1993) 
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assumed, in this study, to replace supply from the average European electricity mix to 
the point of use. For the central PV plant the factor is 33.15, lower because a central 
PV plant does not supply electricity to the point of use and so it does not avoid the 
embodied energy in transmitting and distributing the electricity to the point of use. 
It is then converted from kWh to MJ on the basis that I kWh = 3.6 MJ. Using the 
primary energy input and lifetime primary energy output of the systems the EPT, 
EROI and NEB can be calculated. These three factors for the five columns presented 
in the table above are presented graphically in Figure 6-4 below. 
Figure 6-4: Energy Analysis Factors for Photovoltaic Systems. 
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The results show that even when compared to a well sited central PV plant a BIPV 
cladding sVstem in a central European location has a lower EPT, higher NEB and a 
higher EROI than the central plant. However a BiPV system in a good location 
performs much better than one in a poor location. It also shows that EPTs are 
significant for PV systems in European locations being still at least 4.7 vears. The 
choice of site is therefore important in making such systems as viable as possible. P- 
SI systems have lower EPTs, higher EROls and higher NEBs because they have lower 
energy inputs per kWp of system installed. 
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6.1.2 Life cycle Inventory Analysis of Photovoltaic Systems. 
This section presents results of the resources used and emissions released in 
producing and installing I kWp of crystalline silicon PV plants. The data are initially 
broken down into 2 stages-, module production and balance of system manulacture to 
show the proportion of overall burdens associated with the two parts. The data are 
recorded in tabular form in Appendix 5-3 for modules and Appendix 6-33 for BOS. 
Also consideration will be made of the breakdown of the burdens of BOS components 
to see in which components the environmental burdens occur. This xN-111 be performed 
for the advanced m-Si integrated facade system - these results are recorded in tabular 
form for the BOS components in Appendix 6-4. Data for a similar breakdown for a p- 
Si integrated fagade are also shown in this appendix. 
Resource use. 
For BOS components there is notable resource use relative to module manufacture for 
those materials that are required in the support structures and for wiring etc. This is 
illustrated in Figure 6-5, Figure 6-6 and Figure 6-7 below for bauxite, iron ore and 
Copper respectively. 
Figure 6-5 shows that aluminium (made from its ore, bauxite) is used substantially in 
the BOS components of all PV applications considered. However where framed 
modules are applied it is still used substantially more in module manufacture than in 
BOS components. Where laminates are used obviously the use of aluminium in the 
modules is substantially reduced. For integrated systems the use of aluminium in BOS 
components is higher for the sloped roof and facade systems, due to the fact that more 
materials are needed to integrate the panels into the building rather than mounting 
them on top of existing materials. For example with an integrated PV faqade a 
support structure to hold the modules in place is included in the analysis ýNhereas for a 
mounted system such as support is not necessary. For the flat roof systems there is 
notable saving of aluminium for the improved system. For this system, as we shall 
see below, the savings in aluminium have been made by increasing the use of steel 
(from iron ore). 
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Figure 6-5: Use of Bauxite in Manufacturing and Installing I kWp of Crystalline Silicon PV 
Systems. 
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4. p-SI Mtd. facade 
5. m-Sl flat roof basic 
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7. m-SI flat roof IMProved 
8. p-Sl flat roof MiTroved 
9. m-SI n-mtd. sloped roof 
10. p-SI n-mtd sloped roof 
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Figure 6-6 below shows the result for iron ore (used to make steel). Again It shows 
the relatively high use of steel in the BOS components of the centralised PV plant. It 
also shows sorne resource use benefits in terms of building integration of facade and 
sloped roof systems in comparison to building mounted systems. 
Figure 6-7 shows that copper is used predominantly in the BOS part of system 
manufacture compared with module manufacture. For the central PV plant use of 
copper in the BOS components is notably higher. This can be explained by the 
compact nature of the layout of panels on a building integrated or mounted system. 
The panels on a facade or a sloped roof are close together compared to a central PV 
plant and the proximity of the local grid is likely to be much shorter for a building 
integrated system. Hence wire runs are shorter and the use of copper is greatly 
reduced. 
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Figure 6-6: Use of Iron Ore in Manufacturing and Installing I kWp of Crystalline Silicon PV 
Systems. 
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Figure 6-7: Use of Copper in Manufacturing and Installing I kWp of Crystalline Silicon PV 
Systems. 
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Figure 6-8 shows a comparison of the other resources recorded. It compares the 
resource use for the BOS components of 3 systems, p-S' and m-Si integrated facades 
and the central m-Si PV plant. This is to enable a comparison of the resource use for 
the BOS components of PV systems. In each case more resources are used in the 
central PV plant. 
Figure 6-8: Resource for Selected Materials in Manufacturing and Installing the BOS 
Components of I kWp of Crystalline Silicon PV System. 
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Taking the m-Si integrated facade as an example Figure 6-9 shows a breakdown of 
where the resource use occurs in the BOS components. The result varies depending 
on the resource considered. The 'other' element of this breakdown includes the 
structural supports that require a significant amount of resources, especially bauxite 
as aluminium is the main material used for the supports of this system. 
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Figure 6-9: Resource Use for the Balance of System Components of m-Si Integrated Facades. 
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Emissions to Air. 
As for module manufacture the largest emissions to air from the BOS components of 
PV systems, in terms of weight, are those associated with the use of energy, in order 
of size, C02! - 
SOx, Particles, NOx, Methane and Carbon Monoxide. This is shown 
graphically, on a logarithmic scale, in Figure 6-10. This figure also shows that there 
are substantial emissions savings for BiPV facades when compared to a central PV 
plant. 
Figure 6-11 shows theC02 emissions for the 13 different PV systems divided bet%N'een 
the modules and the BOS components. Comparison of Figure 6-11 and 6-1 shows 
that emissions Of C02 are similar to energy use in that for the building mounted and 
integrated sVstemsC02emissions are emitted most notably during panel manufacture. 
In comparison some emissions are more significant at the BOS stages - lead is an 
example and is illustrated in Figure 6-12. This is probably due to emissions during 
installation due to the use of heavy machinery. The large emissions for lead for the 
central PV plant relative to the other plants are due to the use of more construction 
equipment needed for this plant in terms of access roads, foundations etc. all 
requiring the use of heavy machinery. 
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Figure 6-10: Comparison of Emissions to Air from the Balance of System Part of Photovoltaic 
Systems. 
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Figure 6-11: Comparison Of C02 Emissions to Air from Manufacture and Installation of I kNN"p 
Crystalline Silicon Photovoltaic Systems. 
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Figure 6-12: Comparison of Lead Emissions to Air from Manufacture and Installation of I kWp 
Crystalline Silicon Photovoltaic Systems. 
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Figure 6-13 shows for a m-Si integrated facade where these air emissions occur in the 
BOS components and shows that it is largely in the 'other' section. e This can b 
accounted for by the fact that the other section includes the structural support which is 
made predominantly from aluminium which is an energy intensive material with 
associated emissions. 
Figure 6-13: Where the Emissions to Air Occur in Balance of System Components of 
Photovoltaic Systems. 
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6.2 The Economic Cost of Photovoltaic Systems. 
This section provides an account of the total system economic costs for crý'stalline 
silicon PV systems installed in recent years and illustrates the typi ical breakdown of 
the costs of such systems into the component parts of a system. Building on the data 
for modules presented in the previous chapter, this chapter adds the economic costs of 
the BOS components. 
Figure 6-14 below shows some total costs of PV systems installed in the last 15 years. 
fi The results are presented from left to right in alphabetical order of the author At irst 
glance it shows that the cost of PV systems is very wide ranging but discussion of the 
results presented helps explain some of the discrepancy. The lowest cost was quoted 
by Curry (1998), at f2,276/kWp, and refers to the cost of the 5 MWp power station 
that has been erected on Crete. Although quoted as the full cost, this figure must omit 
the 50% government subsidy the project received and actual costs are therefore likely 
to be double thi S6 . Edelson, 
(1992), Zweibel, (1996), Weiss et al., (1998) and 
TERES, (1994) all give low figures for system costs but all are estimates of what is 
achievable rather than actual system costs. 
Several authors highlight the falling costs that have been experienced for PV systems. 
Menna (1996) quotes total system costs for the Delphos 600 kWp plant as around 
f 19,500/kWp for the first 300 kWp in 1986 but only around f 7,700/'kWp for the 
second 300 kWp in 1992 (labelled Menna (1996)a in graph). He also quotes the total 
cost of the Serre 3.3 MWp plant in 1995 as f5,150/, kWp (labelled Menna (1996)b in 
graph). In a similar way NOVEM (The Netherlands agency for energy and the 
environment) quote costs for roof-top systems installed in the Netherlands at 
f 10,500/kWp in 1991 but only f6,010/kWp by 1996. Costs of systems installed 
under the German 1,000 roofs programme ranged from f 15,000 to f 6,1217 the more 
expensive systems probably being the earlier ones (Sick and Eri-le. 1996). 
6 sts of module, It' this quote were really for total sý, stem costs they would be cheaper than the co, 
presented in the previous chapterl 
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Figure 6-14: Costs of Recently Installed Systems. 
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The European Renewable Energy Study (TERES, 1994) illustrates the economic 
advantage of installing BiPV systems compared with PV power stations. They found 
savings of around 25% with centralised PV power stations typically costing around 
f 6,260/kWp compared with f4,81 0/kWp for BiPV systems. 
Installed costs for BiPV systems are currently estimated at around f 800/m2 or, given a 
module efficiency of around 1-2-13%, around f6,152-6,664/k-Wp (PVIB, 1996). At 
Newcastle, the project capital cost was f907/M2, the total system costs were L354,000 
(Pearsall, 1996b) which for a 39.5 kWp system is equivalent to around f 8,960/kWp. 
In comparison a3 kWp roof system in Steinhausen, Switzerland cost SFR 40,000 
(SFR 13.33/Wp or f 6,730/kWp) to install (CADDET, 1996). 
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The fact that some systems are proto-type demonstration projects has also added to 
costs. Noble and Shaw (1996) quote costs of f 14,000/kWp for the PV systern 
installed on the Ford plant at Bridgend. Due to the fact that it was installed as 
rooffights in the factory roof, this cost probably includes the extra costs of adapting 
the factory roof A recent cost quote widely available in the literature is for the 
system installed on the roof of the Zarich Trade Fair building, which had unit svstem 
costs of f5,560/kWp (Solardach, 1998). This system no doubt benefited from 
economies of scale in module purchasing, the system is over I MWp in size. 
Figure 6-15 shows the installation cost of systems broken down into modules and 
BOS costs for a variety of plants. Dietrich and Lopez (19922), Menna (1996), Pearsall 
(1996) and Sick and Erge (1996) all find module costs to be around 50-60"0 of total 
capital costs which therefore means BOS costs are around 40-50% of total system 
costs. An exception to this is the second stage of the Delphos central plant which had 
system costs divided 65.35 modules to BOS. Menna (1996) expects BOS costs to be 
a lower proportion of total costs for future systems due to such costs falling faster 
than module costs. Figure 6-16 shows the average cost breakdown for systems 
installed during the Gen-nan 1,000 roofs programme (Bates et. al., 1997). 
Figure 6-15: Comparison of Total system Costs Divided by Modules and Balance of System. 
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Figure 6-16: Division of the Average Installation Costs in the German 1000 Roofs Programme. 
ýIodules 
62lo 
(Sourm Bates et al., 1997) 
For the purposes of the analysis in the rest of this thesis it is assumed that BOS costs 
are 50% of the total system costs for m-Si systems. Taking the total module costs of 
f3,09lkWp for m-Si modules derived in the last chapter, the assumed installation 
costs of the systems is f6,182/kWp for rn-Si systems. For p-Si it would be 
inappropriate to multiply the module costs by the same fraction. This is because the 
BOS costs will be higher per kWp of p-S] system due to the larger area the system 
covers. Area-related costs such as support structure, cabling and installation would be 
higher for a p-Si system per kWp of system installed, due to the larger area covered 
by the system compared with a m-Si system with the same peak output. Costs such as 
the inverter and project management are not area related and would thus be the same 
for both p-S] and m-Si systems on a per kWp of system basis. In recognition of this, 
half the BOS costs were considered to be identical to the estimate for a m-Si system. 
The other half were multiplied by a factor of 1.08 to account for the larger area 
required for a p-S1 system (8.33 M2 /7.69 M2). This meant the final breakdoNvn of cost 
for the p-Si system was f2,938 ;/ kWp for the modules and f3,219, /-k-Wp 
for the BOS 
component, giving a total installation cost of f6,157, 'kWp. These estimates fall well 
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within the range of costs for building integrated systems that ha\e been installed in 
recent years - see Figure 6-14. 
Using equations 4-4 and 4-5 from Chapter 4, the unit electricity costs for these 
systems can be calculated. This calculation is shown in Table 6-3 for rn-Si and p-SI 
integrated faýade systems under 3 different assumptions about svstem output. The 
assumptions made are that a 10% interest rate is considered aloiig witil a 25, year 
lifetime for the system and that the system will produce an annual electricity output of 
700-1,000 kWh/kWp representing systems applied in central to northern Europe. The 
resulting unit electricity costs are shown graphically in Figure 6-17. Thcy range from 
83p/kWh for systems in poor locations to 58p, kWh for systems in good locations. It 
is clear that even in good European locations BiPVs are still much more expensive 
than conventional electricity supply, a comparison which is made in chapter 7. The 
capital costs are so similar for both m-SI and p-Si systems on a per kWp comparison 
that under the assumptions made in this dissertation the cost of electricity is the same 
for both technologies. 
Table 6-3: The Unit Electricity Cost from Photovoltaics in European Locations. 
m-Si integrated facade system Poor Medium Good 
Capital cost (f/kWp) 6182 6182 6182 
Interest Rate (%) 8 8 8 
Project Life-time (years) 25 25 25 
Capital cost repayment p. a. (f/k\Np) f579 f579 1579 
Annual System Output (kWh) 700 850 1000 
Buy back price E, kWh 1 0.83 1 0.68 1 0.58 
p-Si integrated facade system Poor Medium Good 
Capital cost (1/kWp) 6157 6157 6157 
Interest Rate (%) 8 8 8 
Project Life-time (years) -1 ý 25 25 
Capital cost repayment p. a. 1577 1577 f577 
Annual System Output (kWli kWp) 1000 
Buy back price f'k-\N'h 1 0.82 1 0.68 1 0.58 
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Figure 6-17: The Unit Electricity Cost of BiPV Systems in Central to -Northern European 
Locations. 
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6.3 Accounting for Avoided Costs in Building Integrated PV 
Systems. 
Using the avoided cost technique described in Chapter 4, the cost of a conventional 
cladding system can arguably be deducted from the cost of a PV cladding system 
before the cost of electricity from such a system is compared with conventional 
electricity supply. The deduction of the avoided cost of conventional cladding 
systems is calculated in the following subsections using energy analysis, LCI analysis 
and economic analysis. It should be noted that the avoided cost argument only 
applies when BiPV systems are being used instead of an alternative building material. 
It therefore only applies to systems on new buildings or when existing buildings need 
refurbishment and the avoided costs are for the material that would have been put in 
place in any case. BiPV systems are likely to be most cost effective in new buildings 
where they can be integrated with minimum expense at the design stage unlike 
retrofitting which may require extensive changes to the structure of the building. 
219 
0 Poor -N Medium- 0 Gc)od 
Chapter 6: The Econormc and Environmental Cost of Grid Connected Photovoltaic SN stems 
6.3.1 Accounting for the Avoided Energy of Building Integrated Photovoltaic 
Cladding Systems. 
Having accepted the primary energy inputs into BiPV facades presented in Section 
6.1.1 it can now be considered what deductions can be made due to the avoided 
embodied energy of conventional cladding systems. The first step in this calculation 
is to remove the embodied energy in the supporting structure and erection of the 
cladding as this would have been needed in anN, case for the erection of a 
conventional cladding system. From the Frischknecht et. a]. (1994) data it was 
calculated that around 5% of the embodied energy of a PV cladding s-ystern can be 
deducted as being avoided energy in the supporting structure. 
On top of this the embodied energy of cladding panels that would have been in place 
can also be deducted. Facades of buildings are clad with a variety of materials and 
structural types, for example granite, stone, glass, aluminiurn and steel are all used as 
cladding materials. They are also constructed in a variety of ways, rainscreen 
cladding, curtain walling etc. (see Brookes, 1983 and 1985). From the data in the 
ETH Zurich data base (Frischknecht et. al., 1994), which are supported hy the 
findings of Howard (1996), figures for the embodied energy in building materials per 
kg of material used can be determined. Combined with the dimensions of claddinl,,, 
panels for different material types given in Brookes (1983) and (1985 )7 and densities 
for the same materials from Kaye and Laby (1995) these data can be used to calculate 
the embodied energy in cladding panels of different materials. The data and results 
are shown in Table 6-4 per m2 of panel area. There are two rows for aluminium 
cladding panels. The first gives figures for aluminium with a 50% recycled content 
and the second gives figures for aluminium with no recycled content. 
7 For example Brookes (1983) claims that stone cladding ranges ftom 40-90 mm thick depending on 
type of stone and size of each panel. Sheet metal panels are týpically 3-6 mm thick depending again on 
si/e and loading and glass typically ranges from 4-122 nim depending on size and loading but al"o on 
function and type of udass (Brookes ( 1985). 
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The second column shows the embodied energy in building materials, calculated from 
the ETH Database (Frisch-knecht et al., 1994). The data on which this is based are 
presented in Appendix 6-5. The third column shows material densities from Kave 
and Laby (1995). The fourth column gives a range of panel thicknesses for the 
different material from Brookes (1983 and 1985). Using the material densities and 
panel thicknesses, the material use per M2 of panel can be calculated for each material 
type (fifth column) and from this the embodied energy use per m2 of panel can be 
calculated for all the materials (sixth column). 
Table 6-4: Calculating the Embodied Energy in Conventional Cladding Panels. 
Embodied Energy Density Panel Thickness \hterml Use Embodied Enern- Life-time 
Material MJ/kg kg/m, 13 nun kg/m'2 \lJ, m'2 years 
Steel 37.24 7873 3-6 24-47 894-1750 -)ý-ýO 
Glass 14.75 2500-4000 6-12 15-48 ') " 1-708 
Alummium 50% rec. 140.32 2698 3-6 8-16 1123-2245 
Aluminium 0% rec. 255.51 2698 3-6 8-16 -1044-4088 25-50 
Stone 0.4 2700 40-90 10 8-324 43- 130 50 
, Marble 2 2700 
40-90 108-324 216-648 
The results in the table above are shown graphically in Figure 6-18 and show that PV 
panels are typically over twice as energy intensive as other cladding materials. 
Clearly the sheet metals are the best cladding systems for PV to substitute to gain the 
most from avoided embodied energy. 
Taking the median value for the embodied energy in the various cladding materials 
and taking into account factors such as the longer life expectancy of stone and marble 
cladding systems compared vAth PV systems8, the avoided burdens can be deducted. 
Table 6-5 shows the effect of deducting the avoided primary energy input ot' 
conventional cladding systems on the energy analysis factors of a m-Si integrated 
facade. It assumes a system output of 850 kWh 'kWp for the PV system9. 
Because stone and marble claddings have expected lifetimes ofaround 50 %-ears the avoided 
burdcii, of 
such claddings is halved when compared %kith PV systems that 
have a 'It'e expectanc%, ofonly 25 
9 The assumed median value for a European site. 
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Figure 6-18: Comparison of Embodied Energy in Im2 of Cladding Panels. 
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The first column shows the energy analysis calculations with no avoided energy 
inputs considered. The second column deducts the primary energy input into the 
support structure and other elements of construction that are required for a PV system 
but that would also be required for a conventional cladding system and so can be 
deducted as an avoided burden. The other columns show the effect of deducting the 
primary energy input of complete conventional cladding systems (the embodied 
energy in the support structure and the cladding panels themselves). This calculation 
is performed for a variety of cladding materials from the least energy intensive (stone) 
to the most energy intensive (virgin aluminium). It shows that a significant fraction 
of the embodied energy in PV systems can be avoided by substituting PVs for some 
conventional cladding materials. 
Table 6-6 shows the same calculations for aI kWp p-Si facade. Because aI kWp P- 
SI PV facade covers more area than each kWp of m-SI PV facade (9.52 m2 and 7.69 
m2 respectively) the avoided burdens are proportionally higher for p-Si systems. 
Hence the effect of deducting the avoided embodied energy of conventional cladding 
systems on reducing EPTs and increasing EROI and NEBs is greater. 
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The effect on EPTs is shown graphically in Figure 6-19 below. It shows the 
similarity of p-Si and m-Si PV facades when no avoided embodied energy is 
considered but shows that p-Si facades taking an increasing advantage when avoided 
energy is taken into account. 
Figure 6-19: Deducting the Avoided Energy from Photovoltaic Cladding Systems. 
0 M-SI 
6 F-I 0 P-St 
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6.3.2 Accounting for the Avoided Emissions and Resource use for Building 
Integrated Photovoltaic Cladding Systems. 
The same avoided burden method applied to energy analysis results above can be 
applied to the LCI analysis results, as illustrated in this section. The data on which 
this section is based are presented in tabular form in Appendix 6-6. 
Resource Use. 
As shown above, facades of buildings are clad with a variety of materials and 
structural types. Depending on which material is used, accounting for the avoided 
resource use of conventional cladding systems will affect the net resource use figures 
for BiPV systems. In a similar way to the avoided energy calculations above, some of 
the resource use results are presented graphically in the following 4 figures. 
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Figure 6-20 shows how a bauxite resource use In Integrated facade sYstems can be 
significantly reduced by deducting the bauxite used In the structural supports of the 
system as an avoided burden (second set of columns from the left). This is turned 
into a large resource saving if the aluminium required for an equivalent amount of 
conventional aluminium cladding panels is also considered (shown in the last 
columns). 
Figure 6-20: Accounting for the Avoided Bauxite Resource Use per kWp of Integrated 
Photovoltaic Facades. 
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For iron ore resource use, shown in Figure 6-21, the benefit of deducting avoided 
resource use is significant only if the PV system replaces a steel cladding system. 
Figure 6-21: Accounting for the Avoided Iron Ore Resource Use per kWp of Integrated 
Photovoltaic Facades. 
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Figure 6-22 shows that for copper resource use the savings are not as great but are 
greatest for the metal cladding systems. 
Figure 6-22: Accounting for the Avoided Copper Resource Use per kNN'p of Integrated 
Photovoltaic Facades. 
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Figure 6-23 shows avoided resource use calculations for the other resources that were 
recorded. It shows the potential resource savings for m-Si PV facades on a 
non-nalised scale. The zinc resource use becomes negative if a steel cladding system is 
deducted as an avoided burden as the zinc use in the manufacture of a steel cladding 
systern is greater then the use of zinc in a PV cladding system. For silver and tin the 
savings are very similar in proportional terms. A similar graph would result for the p- 
Si facade but with higher resource savings due to the higher area of cladding panels 
avoided. The avoided resource use results are presented in tabular for-in on a per mI 
of cladding area basis in Appendix 6-6, table xvii. 
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Figure 6-23: Accounting for the Avoided Resource Use per kNVp of Integrated Mono-crystalline 
Silicon Photovoltaic Facades. 
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The avoided burden calculations are also relevant for emissions to air. Taking 
account of avoided emissions is shown forC02, particles and cadmium emissions to 
air, as examples, in Figures 6-24,6-25 and 6-26 below. For C02 emissions, large 
reductions can be made if the emissions associated with energy intensive 
conventional cladding are deducted as an avoided burden. Metal claddings such as 
steel or alurniniurn have high energy inputs and thus, if a PV cladding is substituting 
the use of such materials, significant emissions savings can be made. 
Figure 6-24: Accounting for the Avoided C02 Emissions of Building Integrated Photovoltaic 
Facades. 
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For particle emissions, Figure 6-25 shows that large emissions savings are made if the 
emissions associated with conventional glass or steel cladding systems are deducted 
as avoided burdens (hence the negative numbers on the graph). The negative value 
for glass is perhaps misleading and illustrates that these results are no more accurate 
than an illustration of the concept of avoided burdens. PV modules are made from 2 
sheets of glass which encapsulate the cells in a module. It is therefore unlikely that 
emissions of a PV module net of emissions from a glass panel be less than zero. This 
negative results in net emissions is a result of the assumption of the thickness of the 
glass used. 
Figure 6-25: Accounting for the Avoided Particles Emissions of Building Integrated Photovoltaic 
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Figure 6-26: Accounting for the Avoided Cadmium Emissions of Building Integrated 
Photovoltaic Facades. 
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Table xvil of Appendix 6-6 shows the tabulated data of the avoided burdens for all the 
emissions to air and water recorded and compares them with the total emissions for p- 
SI and m-SI integrated PV facades on a per M2 basis. 
6.3.3 Accounting for the Avoided Economic Costs of Building Integrated 
Photovoltaic Cladding Systems. 
The avoided cost theory can be equally well applied to economic costs. For example 
fI OO/M2 at least a further , (approx. f700-800/kWp) can be subtracted from the capital 
cost of a PV cladding system as an avoided cost according to Greenpeace ( 1995). 
As Figure 6-27 shows, PV as a cladding is cheaper than marble which costs over 
f 1,000/m 2, is at a similar cost to granite f 800/M2 but is more expensive than the 
fI OO/M2. cheapest claddings which cost around , 
Figure 6-27: The Cost of PV Cladding in Comparison to Conventional Cladding Systems. 
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Nyman (1998) similarly quotes valuable facades costing around f450-830/m- and 
advanced glass facades costing f345-384/M2 . 
Bahaj and Foote (1994) claim curtain 
walling is a high quality cladding system costing f200-650/m 
2 used typically on office 
buildings where a quality visual appearance is needed. Brown (1998) also quotes the 
price of f 800/rn2 for PV as being similar to that for marble. 
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Obviously the more expensive the building element that the PV replaces, the higher 
the avoided costs that can be subtracted from the capital cost. For claddin(-) svstems 
such as marble and granite, whose costs are similar to a PV system per m-, the net 
capital cost is zero and the electricity produced is effectively free. This means that 
PV is already competitive with marble and granite so that PV is currently appropriate 
for prestige buildings in terms of cost of cladding alone. If PV is perceived as being as 
aesthetically valuable as marble then it is competitive. 
Commercial buildings are the most suitable buildings for integrated PV systems as 
these buildings tend to have high cost cladding systems thus favouring the economic 
feasibility of PV systems due to higher avoided costslo. Table 6-7 and 6-8 show the 
unit electricity cost calculations accounting for different avoided costs for m-SI and p- 
Si BiPV facades respectively. The median value of the cladding costs of different 
materials are taken from Figure 6-27 and are deducted from the cost of a BiPV system 
in this example. 
10 Ove Arup has calculated that when compared to more conventional cladding materials such as glass 
or steel, installing solar PVs adds only a marginal extra cost, some 2-59, o, to the total construction costs 
of the building, a similar cost to deciding %N hether to lay carpets (Greenpeace 1995). 
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For stone and polished stone the lifetime of cladding systems is typically greater than 
50 years (Brookes, 1985). This is double the estimated 225 year lifetime given for PV 
systems in this dissertation. In recognition of thi is, the avoided cost of polished stone 
and stone cladding systems is halved in the calculations above as a PV system would 
only last half the lifetime of a stone cladding system 11 . 
The unit electricity costs calculated in the two tables above are presented graphically 
in Figure 6-28 below. It shows that the unit cost of electricity from BiPV systems can 
be reduced considerably if the costs of conventional cladding systems are deducted as 
avoided costs. 
Figure 6-28: The Effect of Deducting Avoided Costs on the Unit Electricity Cost of Photovoltaic 
Cladding Systems. 
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This provides a strong argument for developing uses for PV with high architectural 
value. In support of such a claim, EUREC (1998) conducted a survey of architects 
about the use of PV. In separate questions, 47% said they would use it for prestige, 
11 This is just to give an indication of the kind of avoided costs that should be considered. A more 
detailed investigation would involve discount rates to allow for the different timing of the costs involved. 
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40% for its high tech look and 64% for environmental consciousness. Over 60% of 
architects feel clients would use PV if PV were less than 5% of overall building costs. 
The benefits of BiPV systems does not end with avoided building costs. The Ford 
Bridgend plant enabled Ford to benefit from reduced demand for lighting inside the 
factory due to natural lighting, resulting in decreased electric1tv demand due to PV 
power supply with reducedC02 emissions. It also contributed to an improvement to 
the automobile public image and marketing strategy, support for corporate 
manufacturing environmental leadership and corporate citizenship all of which have 
value to Ford but which cannot be calculated in exact terms (Noble and Shaxv, 1996). 
Verhoef et a]. (1998) similarly promote the image of PV as an imaginative, futuristic 
building material that again boosts its value to a building owner. Architectural beauty 
and environmental performance enhancement have value too. 
6.4 Comparing Economic and Environmental Costs of Photovoltaic 
Systems. 
The economic and environmental results in this chapter show similarities. In 
particular the support structure and installation of the systems dominated the costs of 
the BOS components in both economic and environmental terms. This has the benefit 
for building integrated systems in that most of these costs can be deducted as avoided 
costs. 
Significant differences in the results were also evident. In ener&'ý' and environmental 
terms the BOS components typically accounted for only around 101, o of the total 
systern costs compared with around 50% for economic costs. This difference is 
illustrated in Figure 6-29. The five points on the graph represent the 4 main stages of 
system manufacture and installation that can be compared on economic and energý 
terms. From left to right the points represent., wafer manufacture, cell manufacture, 
module manufacture and BOS costs. It shows that the majorm of the etix ironmcntal 
burdens of the \\-hole sN'stern occur in the early stages of module manufacture whereas 
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comparatively the economic costs are more evenly spread and are notabl-N, added at 
the latter stages of system manufacture and installation. 
Figure 6-29: The Energy Intensity of the Added Value of the Various Stages of Mono-crystalline 
Silicon Building Integrated Facade Photovoltaic Systems. 
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In accounting for the avoided burdens of BiPV facades there were also similarities 
and differences. There is significant variation in avoided costs depending on the type 
of cladding system assumed to be avoided. This variation was evident in both 
econornic and environmental terms. In economic terms polished stone and stone 
cladding systems had the highest avoided costs while metal claddings such as steel are 
low cost alternatives with subsequent low avoided costs. This means on economic 
terms the BiPV industry should be promoting their products as prestigious building 
materials. The findings of EUREC (1998) would suggest that architects consider it as 
such. 
In environmental terms the avoided costs were generally proportionally lower than the 
avoided economic costs. It was also found that the lowest avoided costs in 
environmental terms are those that have the highest avoided economic costs and vice 
versa. The cheaper metal cladding systems are energy intensive to make and hence 
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have higher avoided emissions whilst the most expensi,, e cladding materials such as 
stone have the lowest environmental burdens. 
6.5 Summary and Conclusions. 
BiPV systems are widely recognised as one of the most viable applications of grid 
connected PVs. This chapter has shown that even xN, -hen compared to well sited 
centralised PV plants, BiPV cladding systems in European locations are both cheaper 
and have less environmental burdens associated with them. An example of' this 
benefit could be seen when looking at the energy analysis factors of BiPV facades and 
a central PV plant. Despite the higher assumed output of the central PV plant the 
EPTs were lower and the EROI and NEBs higher for the BjPV systems e\, -en in a 
relatively poor European location. 
If the economic costs and environmental burdens of conventional cladding systems 
are deducted from the costs and burdens of BiPV systems as avoided costs, the costs 
of these systems can be significantly reduced, further increasing their benefits over 
centralised PV plants. 
Because p-Si systems are larger than m-Si systems per kWp (due to the lower 
performance of the former), the embodied energy, resource use, emissions released 
and economic costs are all higher for the BOS components of a p-Si system (on a per 
kWp comparison). This means that the advantage of p-Si modules in terms of 
reduced costs and burdens is reduced. 
In economic terms the resulting cost of p-Si and m-Si systems on a per kWp basis 
\\, ere so similar that the unit electricity cost from such systems was the sarne. In 
energy analysis terms the advantage still stands with p-Si systems. For the LCI data 
the results were mixed. For resource use p-Si systems were more resource intensi\e 
for more categories recorded than m-Si systems. In emissions terms ho%Nc\, er, p-Si 
s\, stems were associated with fewer emissions than m-Si sN-ýtems for most emission 
categories. 
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The summary of the results described above can best be concluded by considering 
their policy implications. This chapter has clearly given justification for the 
promotion of BiPV systems when compared with central PV plants. It is therefore not 
surprising to find many countries focussing their support for PVs on building 
integrated systems. The similarity of the unit costs for electricity from m-Si and P-Si 
systems helps to explain why neither technology has dominated the other in the 
industry. 
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7. Comparing Photovoltaics to Conventional Electricity 
Supply. 
Despite their benign nature in operation, the previous two chapters have highlighted 
that the use of PV systems does have an impact on the environment during the 
manufacture and installation stages of their life cycle. Currenfly the reliance on 
conventional, predominantly fossil-based, energy sources means that the act of 
producing PV modules, an energy intensive process, results in environmental burdens. 
Despite this, PVs are promoted for their environinental advantages over conventional 
sources. The extent to which this is true is an important consideration when assessing 
their viability. 
This chapter compares the economic and environmental costs of electricity supply 
from PVs - as presented in chapter 6- with a variety of conventional electricM, 
sources. The conventional sources considered in detail in this chapter include 
electricity generation from coal', oil, gas and nuclear power stations and hydro- 
electric sources and the combinations of these which form the average [-. uropean and 
UK electricity mixeS2. 
The average European electricity mix for 1990 is chosen as the reference alternative 
on which the relative costs and benefits of using PVs are calculated. This mix and 
data are chosen because the ETH Zurich database, on which the LCI data are based, 
contains data for the average European power plants for each of these technologieS3 
Additionally the electricity input for PVs in the database is assumed to come 
predominantly from this mix (Frischknecht et. al., 1994). 
Both lignite and hard coal. 
The data are based on average European power plants (even for the UK mix). 
3 The data for conventional sources are based on 1997 technoloi,,,, 
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Table 7-1 shows the breakdown of the average European electricit-\ mix of 1990 that 
I. s used in this study. It also shows the UK mix in 1990 and 1997 ývhich is shown to 
illustrate the difference between energy mixes in different countries and to shoxN how 
these mixes can change over time. 
Table 7-1: Electricity Mixes Assumed in this Study (in percentage terms). 
Source Av. European 
Mix 1990 
UK Mix 
1990 
UK Mix 
1997 
Oil 9.6 8.5 2.1 
Gas 9.5 2.7 33 2.6 
Lignite 10.5 0.0 0.0 
Hard Coal 18.3 62A 34.7 
Nuclear 36.2 24.2 27.4 
Hydro and Other 15.9 2,1 3. -2 
(Source: Fnschknecht et. al., 1994 and DTI, 1998) 
When comparing electricity sources in this chapter, the unit of comparison, unless 
otherwise stated is I TJ of electricity supplied to the point of use. For the PV systems 
in this analysis, this corresponds to the lifetime output of a system of around 13.1 
kWp for PV facades and 9.3 kWp for central PV plants'. Hence the results from 
chapter 6 are multiplied by the appropriate factor to apply to a system capable of 
producing I TJ of electricity over its lifetime. 
In recognition that electricity is used by consumers in a wide geographical area, the 
transmission and distribution of electricity to the point of use is also considered in this 
chapter. This leads to increased resource use and hence more burdens on the 
environment for centralised electricity supply. Distributing electricity is also not 
1001, ý'o efficient, there are losses due to factors such as resistance in the transmission 
4. Assuming outputs of 857 kWh/kWp/year and 1277 k\\'h/kWp/year t1or BIPV facades and central PV 
plants respectively 
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lines. DG XVII (1993) list figures that show that in the EU12 in 1991 the final 
consumption of electricity was 16% lower than the total generation of I Q-51) TIAh. 
Around 7% of this was due to electricity consumption within the electricity 
generation industry, 3% was consumed by the energy distributors and 6.50 o was lost 
in distribution 5. Frischknecht et. a]. (1994) similarly record a total loss of 1-1.80o to 
account for energy use within the electricity industry and transmission and 
distribution losses. 
BiPV systems avoid distribution burdens and losses provided the electricity is used 
within the building. As just described, even If the electricit-N, is not used within the 
building it will probably be used locally and save much of the transmission and 
distribution costs. Many buildings use low voltage supply and would therefore gain 
the maximum environmental and economic benefit in terms of avoided transmission 
and distribution CoStS6. 
7.1 Energy Analysis Comparing Electricity Supply From 
Photovoltaics to Conventional Electricity Supply. 
This section provides a primary energy analysis of alternative electricity sources to 
indicate the benefits / costs of electricity supply from PVs relative to conventional 
sources in energy terrns. 
Figure 7-1 shows the total primary energy input in TJ per TJ of electricity produced 
and distributed to the point of use. The energy embodied in and lost during 
transmission and distribution of the electricity is added separately in the graph (the 
yellow sections) to show the additional benefits of BiPVs. The first 5 bars present 
data for the PV systems presented in chapter 6. They show the total primarx energy 
I. nput for 13.1 kWp of m-SI and p-SI integrated PV facades, the primary energy input 
for the same sN, stems net of a conventional glass cladding faýade (labelled nct 
5 Similarly Zweibel (1997) claims that transmission losses, presumabk in the United States, average 
about 8' 
" This advantage is also kno\\n as embedded -, cTieration. 
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integrated faýade in the figure) and the pnmary energy, input for 9.3 kWp of the 
central PV plant in the Swiss Alps. 
For the BiPV facades there is no energy input for transmission and distribution of the 
electricity to the point of use. This is because it is assumed that the electricity is used 
within the building on which the system is placed. For the alternative centralised 
plants, energy is required to transmit and dIstrIbute the electricity to the point of use 
which combined with losses during distribution adds notably to the primary energy 
input per TJ. 
Figure 7-1: Primary Energy Input per TJ of Electricity Output for Various Kinds of Electricity 
Production. 
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The graph shows that conventional electricitv sources use large amounts of primary 
energy to produce electricity and transmit and distribute it to the point of use. 
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Electricity supply, transmission and distribution from oil. lignite, hard coal and 
nuclear power stations all require over 4TJ of primary energy per TJ of electricitN' 
supplied to the point of use. This is mainly due to the low conversion efficiency of 
converting primary energy into electricity, thermal efficiencies are typically around 
35%. Gas fired power stations are typically more efficient and thus there is a lower 
primary energy input per TJ of electricity supplied to the final user. 
For Hydro electricity there are two bars. The difference between them is down to 
methodology. Hydro, 2 considers the potential energy in the water in a reservoir as an 
energy resource and thus it is counted as an energy input. Hydro I considers the 
potential energy in the water to be a renewable resource and omits it from the 
calculations. Which Hydro, result is used depends on the purpose of the comparison. 
In comparing PVs with Hydro as a potential source of electricity it would be 
inconsistent to count the potential energy of water for Hydro and not the potential 
energy of sunlight for PVs, therefore Hydro I is used in such a comparison. However 
if we are considering the energy resources used for example to make PVs, Hydro 2 Is 
used as the potential energy in the water is an energy resource that could be used for 
other purposes. Using Hydro 1, hydro electricity has the lowest primary energy input 
of all and shows notable benefits over PVs. 
Apart from hydro, the graph shows significant resource savings for BiPVs compared 
with other conventional electricity sources. BiPV cladding systems use around 0.71 
to 0.91 TJ of primary energy to produce ITJ of electricity and have a notable 
advantage over central PV plants. 
The PV systems considered in this dissertation are assumed to be made in Furope 
with data for electricity production from average European power stations. In 
considering the energy savings from using electricity from PV systems it is 
appropriate to calculate such savings by compar-ing the PV data to the a\er,, I(-, e 
European electricitý- mix . 
1--igure 7-2 shows the energy rettim on investment of 
different PV systems. It presents data for -5 
PV systems, m-Si and p-S] integrated 
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facades, the same facades net of the embodied energy in a conventional glass cladding 
system covering the same area and a central PV plant. 
it is calculated by taking the energy saved by using electricity from the PV system 
rather than from the average European mix and dividing it by the energy required to 
manufacture and install the PV system. The graph shows that BIPV facades save 
around 4-4.5 times as much energy as they use in supplying electricity to the point of 
use. If the energy from a conventional glass cladding system is deducted as an 
avoided burden, the ratio increases to 4.5-5. In comparison a centrallsed PV plant 
saves around 3 times as much energy as it uses to supply electricity to the point of 
use, the lower ratio being accounted for by the extra energy required per kWp of plant 
and due to energy requirements for transmission and distribution. This indicates that 
PV systems are effective at saving valuable energy resources in comparison to 
conventional energy sources, especially for systems integrated into buildings. The 
primary energy resource data on which this section is based are presented in tabular 
form in Appendix 7-1. 
Figure 7-2: Ratios of Primary Energy Saved / Primary Energy Used in Supplying Electricity from 
Photovoltaics. 
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7.2 Life Cycle Inventory Comparing Photovoltaics to Conventional 
Electricity Supply. 
The energy resource use savings of BiPVs illustrated aboý-e indicates the 
environmental benefit of using PVs. A more detailed account of the environmental 
benefits of PVs can be made by comparing them on a life cycle inventory basis with 
conventional forms of electricity supply and that is what this secti I 'on does. Using the 
streamlined LCI data for PV systems derived in Chapter 6, this section compares PVs 
with conventional forms of electricity supply, including the burdens associated Nvith 
transmission and distribution of electricity to the point of use. 
7.2.1 Comparison of Resource Use for Supplying 1 TJ of Electricity from 
Alternative Sources. 
Due to the diffuse nature of solar energy, PVs are a capital-intensive form of 
providing electricity. Particularly in comparison to conventional forms of electricity 
supply which use concentrated energy sources in the forrn of fuels or natural 
reservoirs. It is therefore not surprising to find PVs to be a relatively material 
intensive means of electricity supply. 
Figure 7-3 shows that - in terms of bauxite resource use per TJ of electricity supplied 
to the end user - PV systems use more aluminium than conventional sources of 
electricity. It also shows that accounting for transmission and distribution adds 
significantly to the resource use of centralised plants due to the use of aluminium for 
distribution infrastructure. 
Figure 7-4 shows on the same basis of comparison that BiPV systems use 
considerably less iron ore than conventional sources while centralised PV plants use 
substantially more iron ore than any other technology shown. The high use of iron 
ore for the centralised plant is due to the high use of steel in the supporting structure 
for the modules. Some conventional. technologies such as hydro and nuclear use 
similar amounts of iron as BiPV systems on a per TJ of electncitN gencrated basi,.,. 
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However when transmission and distribution of this electricity is taken into account. 
the savings of iron ore from using BIPVs is notable. 
Figure 7-3: Bauxite Resource Use in the Generation of I TJ of Electricity from Alternative 
Sources. 
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Figure 7-4: Iron Ore Resource Use in the Generation of I TJ of Electricity from Alternative 
Sources. 
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For copper resource use, Figure 7-5 shows again that resource savings could be made 
by using BiPVs to supply electricity to end users rather than conventional forms of 
electricity supply. The centrallsed PV plant uses notably more copper than the other 
technologies considered due to the long cable runs required to connect it to the grid 
and also the use of copper in transmitting and distributing it to the point of use. 
Electricity generation from conventional sources uses less copper than even the BIPV 
facades but the transmission and distribution of the electricity to the point of use adds 
to the use of this resource. 
Figure 7-5: Copper Resource Use in the Generation of I TJ of Electricity from Alternative 
Sources. 
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Figure 7-6 shows a comparison for the other non-energy resources that were recorded 
in the streamlined LCL They are presented on a logarithmic scale. It shows that for 
tin and silver, which are used significantly in module manufacture, PV systems use 
si gnificantly more resources in supplying I TJ of electncity vv, hen compared to 
conventional technologies. 
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For lead resource use, the centralised electricity supply technologies (including the 
centralised PV plant and all the conventional technologies shown) use considerably 
more resources than BiPV systems in supplying electricity to the end user. It is in the 
transmission and distribution of electricity that the lead is predominantly used (see 
Appendix 7-2 for data). 
Figure 7-6: Comparison of Other Resources Used in the Generation of I TJ of Electricity from 
Alternative Sources. 
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For zinc use the central PV plant uses more than the other technologies. The BIPV 
facades use comparable amounts of zinc to the UK and average European electricIt%, 
mixes. By deducting the resource use for a conventional glass cladding svstem from 
the BiPV faqade's resource use it is revealed that such systems have a resource saving 
over conventional electricity mixes. 
It should be pointed out that the resources shown in Figure 7-6 are used in 
significantly smaller quantities than bauxite, iron ore and copper. The resource use 
data on which these figures are based are presented in tabular form in Appendix 7-2. 
The data are presented for the PV systems in Table vil, for the individual 
conventional technologies in Table viii, and for the conventional electricity mixes and 
transmission and distribution components in Table ix. 
Figure 7-7 considers the resource use savings/losses from using PVs to supply 
electricity compared with the average European electricity mix. On a logarithmic 
scale it presents the ratios of resources avoided (those used to supply I TJ of 
electricity from the average European mix) to those used to supply ITJ of electricity 
from PVs. A value of I indicates that the ratio of resources saved to resource used is 
I: 1, indicating that the resource use is the same for electricity supply from PVs and 
the average European mix. Values greater than I therefore indicate the relative 
savings of using PVs -a value of 10 indicates that PVs use 10 times less of the 
resource than the average European electricity mix and vice versa for a value of 0.1. 
The resources shown have been put in order of size in terms of resources used for PV 
systems. For example bauxite is the resource used most. It shows that central PV 
plants are always more intensive in their use of non-energy resources than the average 
European mix but that BiPV facades show resource savings for some resources. 
Taking account of the avoided resource use of a conventional glass cladding svstern 
improves the comparison for BiPV systems (shown by bars labelled net integrated 
faqade). 
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Figure 7-7: Ratios of Resource Use for Electricity Supply from Photovoltaics Relative to the 
Average European Electricity Mix. 
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7.2.2 Comparison of Emissions to Air from Supplying ITJ of Electricity 
from Alternative Sources. 
This section compares the emissions to air from producing I TJ of electricity and 
supplying it to the end user. It compares the same technologies as those presented in 
the previous section and is based on data from Frischknecht et. al. (1994). 
Due to the high energy use in the manufacture of PV systems, energy associated 
emissions are the highest of air emissions from this technology. Even so, these 
emissions are generally much lower than for conventional sources. Figure 7-8 
compares CO-, emissions from the production of I TJ of electricity from alternative 
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sources. It shows that electncity supply from photovoltaics is associated XN-ith feNN-er 
C02 emissions than fossil fuel based alternatives. Nuclear and hydro electricitv in 
contrast emit less C02 than BiPVs even when transmission and distribution are 
considered. The UK and average European mixes of electricity still emit significantIN, 
issions from the fossil moreC02 than PVs because the emi Ii fuel element of the mixes 
outweighs the nuclear and hydro elements. 
Figure 7-8: Comparing C02 Emissions from the Production of ITJ of Electricity from Alternative 
Sources. 
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NO, and SO, emissions are also emitted in significant quantities from the 
manufacture and installation of PV systems and as shown in Figures 7-9 and 7-10 a 
similar comparison of emissions to those presented for CO-, emissions is found. The 
main difterence being the low SO, emissions from Gas fired plants. The superior 
performance of gas fired power stations in emissions terrns is one of the main reasons 
that it is considered as a transition fuel from dirtier fossil fuels to sustainable energy 
supply (Jack-son, 1997) 
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Figure 7-9: Comparing NOx Emissions from the Production of ITJ of Electricity from 
Alternative Sources. 
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Figure 7-10: Comparing SOx Emissions from the Production of ITJ of Electricity from 
Alternative Sources. 
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in the UK in the last decade there has been an increase in the use of gas-fired 
generation. As Table 7-1 indicates, between 1990 and 1997 the contribution of gas to 
the UK electricity mix increased from 2.7% to around 32.6% of the total domestically 
produced electricity. The figures in this section have shown that, in reducing the C) 
amount of coal fired plant and increasing the contribution of gas, the UK electricitv 
mix has notably reduced its energy-associated emissions. 
Nuclear energy so far has out performed PVs on emissions to air. However nuclear 
energy has emissions categories that are worse than PVs and other conventional 
electricity sources. Nuclear energy has the problem of radioactive contamination and 
the control of radioactive waste for thousands of years. The absence of material 
dissipation is a potential advantage of nuclear energy. However as Figure 7-11 shows 
the routine emission of radiation into the environment may be a concern. 
Figure 7-11 shows the higher emissions of most radioactive emissions to air from 
nuclear electricity supply compared with fossil fired plants, the obvious exception 
being the release of uranium isotopes dunng the mining of coal. It also shows the 
significance of the higher nuclear content of the Average European Mix compared 
with the UK mix in terms of higher emissions of radioactive contaminants. (Note that 
the scale on the graph is normalised as the different emissions were orders of 
magnitude apart in terrns of volume). 
Figure 7-12 shows for II other recorded emissions to air the difference in the burdens 
from alternative electricity supply alternatives. The scale is normallsed as the actual 
emission values are orders of magnitude different (the greatest ý'alue for each 
emission type =100 and the other values are normalised against this). It sfioxýs that 
BiPV facades have significant benefits in terms of reduced air emissions ovet- 
conventional electricity mixes N\, hilst the central PV plant has significant emissions to 
air associated with it. The emissions to air that are comparatively hl(-, h for BiPVs are 
hydrogen sulphide and cyanide. However both these emissions are small in terms of 
volume when compared to other emissions. Hydrogen sulphide emissions from BIPV 
facades are in the range of 400gFJ while cyanide emissions are in the order of 5-6 
25-1 
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g/TJ. The 3 tables in Appendix 7-2 show the LCI data on which these results are 
based. Emissions of cyanide and hydrogen sulphide come predominantly from the 
manufacture of metallurgical grade silicon. 
Figure 7-11: Comparing Radioactive Emissions to Air from the Supply of I TJ of Electricity from 
Alternative Sources to the Point of Use. 
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Figure 7-12: Comparing Other Emissions to Air from the Supply of ITJ of Electricity from 
Alternative Sources. 
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The emissions saved by using BiPV facades instead of conventional electricity supply 
depends on the type of conventional electricity supply the facades are assumed to 
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replace. In this analysis the emissions saved will be based on the average European 
electricity mix. Figure 7-13 shows the ratios of emissions saved to emissions released 
in using PVs to supply electricity to the point of use instead of the average European 
electricity mix. It shows that, with the exception of hydrogen sulphide and cyanide 
emissions, emissions savings can be made by using BiPV facades to supply electricit-N, 
to the building on which they are placed instead of using the average European 
electricity mix. 
Figure 7-13: Ratios of Emissions to Air Saved by Supplying Electricity from Photovoltaics Rather 
than the Average European Electricity Mix. 
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7.2.3 Comparison of Emissions to Water for supplying 1 TJ of Electricity 
from Alternative Sources. 
This section compares emissions to water from alternative means of supplying 
electricity to the end user. Figure 7-14 shows on a normallsed scale that with the 
exception of biological oxygen demand (BOD) and chlorine solutions, BIPVs have 
benefits in terms of reduced emissions to water when compared with centralised 
conventional electricity mixes for supplying electricity. The BOD burden from PVs 
arises from the manufacture of the support structures that use a lot of aluminium. 
Emissions of chlorine solutions come from the ingot and wafer manufacture stage for 
m-Si module manufacture. The centralised PV plant does not have the same benefit 
but is still associated with lower emissions on the whole when compared to the 
conventional electricity mixes. 
Technetium emissions to water are considered as an example of the radioactive 
ing emissions from conventional electricity mixes which comes from nuclear generat- 
plantS7 . 
Emission of radioactive contaminants to water has been reported in ENDs 
daily in the last year, for example radioactive technetium contamination thought to 
come from Sellafield reprocessing plant has been found around the Scandinavian 
coastline in seaweed and shrimps. 
Figure 7-15 presents ratios of the emissions saved to emissions released of using PVs 
in place of the average European electricity mix. It shows that the magnitude of the 
environmental benefit of using PVs in terms of water emissions saved is similar to 
that of emissions to air. The ratio for BOD figures are very similar to those 
for the 
bauxite resource use ratios in Figure 7-7 which helps to validate the claims that it is 
from the aluminium manufacture for the support structure that the 
high BOD levels 
came. 
The technetium emissions from PVs arises from the use of electricity mIxes contalning a 
nuclear 
generated proportion. 
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Figure 7-14: Comparing Emissions to Water from the Supply of ITJ of Electricity from 
Alternative Sources. 
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Figure 7-15: Ratios of Emissions to Water Saved by Supplying Electricity from Photovoltaics 
Rather than the Average European Electricity NIix. 
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7.2.4 Discussion of the Comparisons of Life Cycle Inventory Results of 
Supplying Electricity from Alternative Sources. 
This section has shown that PVs are resource intensive (with respect to non-energy 
resources) when compared to conventional electricity mixes. This would be expected 
of a technology harriessing a diffuse energy resource. Despite this (and despite the 
current small-scale production of PVs) in terms of emissions to air and water, BiPV 
cladding sVstems have environmental benefits over conventional energy mixes. The 
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inclusion of burdens associated with transmission and distribution of the electricit-v to 
the point of use has the effect of improving the net environmental benefit of replacing 
conventional electricity production with BIPVs. 
The benefits of PVs in terms of emissions saved have been considered for the average 
European mix. These savings would obviously be greater If the average UK 
electricity mix had been considered instead of the average European mix because the 
UK electricity mix is dirtier due to a heavier use of coal fired power stations. 
Conversely however, if the panels were made in the UK they would also have higher 
environmental burdens. 
For nuclear and hydro the environmental burdens are rnuch lower than for PV. 
However these technologies have their own problems. The emissions of radioactive 
material from nuclear power has been highlighted. The fact that the only solution for 
waste disposal at present is burial and the danger of accidental releases such as those 
experienced at Windscale in the UK, 3 mile island in the U. S. and Chernobyl in 
Russia adds to the environmental threat of such energy sources (Jackson, 1997). 
Hydro-electricity is also not without its problems. Amongst these are the loss of 
natural habitats due to construction of reservoirs and the fact that the appropriate 
geographical formations required for hydro are limited restricting the potential of this 
technology. Nevertheless for countries with high use of hydropower (Scandinavian 
countries) or nuclear (France) the environmental benefits of using PVs for greenhouse 
gas abatement for example may be somewhat reduced. 
7.3 Economic Analysis Comparing Photovoltaics to Conventional 
Electricity Supply Options. 
This section provides an economic comparison of the cost of supplying electric1tv to 
consumers from alternative sources. The comparison is based on the unit generation 
costs of electricity (p; kWh) NN, -hich is the standard way of comparing the costs of 
electricity supply alterriatives (NRFL, 1998, Milborrow. 1994 and DG XVII, 1994), 
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Figure 7-16 shows a comparison of the unit electricity cost from alternative sources as 
presented in Menna (1996) and taken from the European Renewable Energy Study 
(TERES, 1994). Two sets of figures are presented for the unit electricitý, costs from 
Pvs. 
PVa refers to the figures quoted in Menna (1996) and PVb refers to the unit costs 
quoted in the previous chapter under the assumptions made in this study (the factors 
affecting such differences in unit costs are discussed in detail in chapter 9). At costs 
of around 58-83p/kWh under the assumptions made in this thesis, BiPVs are over 10 
times as expensive as conventional means of electricity generation and some other 
renewable energy options. 
Figure 7-16: Unit Electricity Costs from Various Sources of Centralised Electricity Generation. 
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According to Menna (1996) conventional means of electricity supply produce 
electricity in the range of 3-6 p/kWh, a finding which Is supported by Mackan 
"I (1995)8. Booth (1998) similarly quotes an OECD average generation cost of -) 
I 
p/kWh. Milborrow (1995c) claims that electricity produced centrally in the 
UK goes 
Mackan ( 1995) gves the followng figures for unt elect ricIty costs from some convent, onal sources 
Nuclear PWR - 3.7 p/kWh, Nuclear Magnox -6 p/kWh, 
Advanced Coal - 3.5 p/kWh and CCGT -27 
P/k-Wi. 
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into a pool where it is bought at a 'pool) price which can be as low as 2--3p kWh, 
although at times of peak demand and short supply it may be substantially higher. For 
utilities, PV systems are of highest value if they can contribute to meeting peak loads. 
According to Dietrich and Lopez (1992) this is only achieved in countries with 
summer load peaking due to the widespread use of air conditioning systems. For 
example in the south west USA there is a good correlation between supply from PV 
and demand for electricity. This means that PV systems have much more value due 
to the coincidence of the summer peak load periods with peak PV generation (Cace 
et. al., 1994). 
In central and northern Europe there is not such a good correlation between demand 
and supply. According to Cace et. al. (1994), in Germany electricity demand peaks in 
December and is lowest in July whilst the maximum daily output for PVs is in June 
and the minimum is in December. This affects the value of PVs to utilities in such 
regions. 
As was found with the environmental burdens in the last section, the economic costs 
of BiPVs also benefits from the avoided costs of transmission and distribution losses. 
Unit electricity prices from generators are usually several pence lower than customer 
tariffs, for example in the UK the average pool price is around 2.8 p/kWh whereas 
customer tariffs are around 5-8p. Hence a PV system has more value if placed at the 
demand side of the electricity meter in a location where it can be used without 
exporting to the grid giving BiPVs an advantage over centralised PV plants. 
As already mentioned BiPVs have the advantage that the electricity is produced ýN here 
it is used, avoiding transmission costs and losses of providing the electricit-v. 
Providing the electricity produced by a PV system is consumed xvithin the buildin&l on 
which the system is placed, clearly this electricity ought to be compared with the 
retail price for electricity which is considerably higher than the pool price and is 
currently around 5-7p/kWh in the UK. If the electricity is not used within the 
building it could be exported to the grid where it may onlý- be bought at the pool 
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. 
price. Milborrow (1995c) provides a breakdown of the retail cost of electnciv-ý, which 
averaged around 5.9 p/kWh in 1992. This breakdown is shown in Figure 7-17. 
Figure 7-17: Breakdown of the Average UK Electricity Selling Price to the Consumer in 1992. 
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To get the maximum economic benefit, system Installers should design systems to 
provide electricity for use within the building and not have to export it to the grid. 
This is illustrated when it is considered that at the Doxford building in Sunderland in 
the UK, electricity supplied to the grid is bought at a price of 2.5p/kWh (EiBi, 1998)5 
at the Oxford Eco-house electricity is exported to the grid at a price of 2.8 p/kWh but 
imports at 7p/kWh (Roaf and Fuentes 1996), and Brown (1998) similarly claims that 
in the UK power suppliers buy excess electricity at a cost of around 1/3 of the price 
charged for grid supplied electricity. Ensuring that all the electricity produced by a 
system can be used within the building maximises the economic benefit of such 
electricity supply9. Daytime loads of commercial buildings (9am-5pm) are a good 
match for PV power systems which means that the electricity produced by systems 
integrated into commercial buildings can be used locally within the building. The 
Brown (1998) also claim that utilities in the UK charge a connection fee and metering costs if the 
system exports to the grid. 
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value of the electricity produced therefore has a value equal to the retail price of 
electricity as opposed to feeding the grid competing at pool price. 
Figure 7-18 shows that the retail price for electricity varies greatlv from country to 
country. According to DG XVII (1993) the average EU12 price for electricit-N, in 1992 
was 9.14 p/kWh for domestic supply and 5 p/kWh for industrial supply - these prices 
are shown by the top 2 red horizontal lines on the graph. The lowest red horizontal 
line shows the OECD average for the cost of generation which is 3.2 p/kWh. 
Figure 7-18: Comparison of the Price for Electricity in Different Countries. 
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Tables 7-2 shows the effect of deducting the avoided electricity costs of a PV systern 
over its lifetime from the total capital costs of the system on a per kWp basis. The 
second row of the table shows the capital costs of a BiPV cladding system (it is shown 
I in Chapter 6). The assumed system Output tor p-Si and m-Si systems as calculated I is 
850 kWh/k-Wp/year representing an average European location. The fourth row 
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shows the conventional electricity costs in P/kWh, and this is shown for tariffs, 
domestic (9.4 p/kWh) , industrial (5.01 p/kWh) and pool (3.2 p, k"-h)io. From the 
annual system output and avoided unit electricity cost an annual avoided electricity 
cost can be calculated (fifth row) and if this is multiplied bv the lifetime of the plant 
it results in a figure for the total avoided electricity costs over the lifetime of the plant 
(seventh row). A business investor in the PV system will want to calculate the present 
value of these future avoided costs by discounting using an appropriate discount rate 
(8% is used here). The ninth row of Table 7-2 shows the discounted value of the 
avoided electricity costs. Finally deducting the present value of the avoided 
electricity costs from the total capital costs of the system results in the net cost of the 
system which , if the PV system is competitive with the avoided electricity source, will 
be less than or equal to 0. Table 7-3 shows similar calculations but on a per M2 Of 
system basis 
From Table 7-2 we can see that PVs are not competitive with conventional sources of 
electricity even at the domestic tariff as the net capital costs are still significant. 
However the price with which PV electricity must compete makes a difference, 
affecting the avoided electricity costs. At 9.14 p/kWh, the average EU12 price for 
electricity supplied to domestic consumers, each kWp of a system in a central to 
northern European location producing 850 kWh/kWp per year, will produce 
electricity worth around f 1,942 in its lifetime (not discounted). The present value of 
this is reduced to f896 with an 8% discount rate. At the average EU12 industrial 
price of electricity to consumers the same system will produce electricity worth 
around f 1,, 065 in its lifetime, which has a present value of f491 with an 8q, o discount 
rate. At the price generators get for their output (OECD average of 3.2p, Wh) the 
value of the electricity produced would only be around f680/kWp equivalent to a 
present value of f3 14. 
I () These figures are taken as European and OECD averages as descnbed In Figure 7-18. 
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Figure 7-19 shows the total capital costs for BiPV systems on a per M2 of sN, stem basis 
for m-S] and p-Si systems. The costs are broken down 1 -3 1 
into 3 sections. The present 
value of avoided electricity costs over the life time of the system, the avoided costs of 
a conventional glass cladding system and the remainder which is termed the net 
present cost of the system. To be viable the net present cost would need to be 0, the 
fact that it is a significant part of the total costs shows how unfavourable PVs are as 
an investment at present. This is shown for 3 possible avoided electricity prices. 
Domestic (9. ]4p/kWh), Industrial (5.01 p/kWh) and Pool pnce (3.2 p/kWh). It shows 
that even at the high domestic price for electricity the avoided electricitv costs are not 
very high in comparison to the total capital costs and illustrates the current relative 
expense of PVs as a source of electricity. In comparison the avoided cladding costs 
represent a significant part of the total costs. 
Figure 7-19: Calculating the Net cost of Building Integrated Photovoltaic Facades Compared to 
Conventional Cladding and Electricity Supply. 
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Clearly PVs at full costs are too expensive to compete on economic terms with 
conventional electricity sources in mid to northern European locations. An 
alternative way of illustrating the current relative expense of PVs is to calculate the 
required capital costs of systems in order for them to compete with conventional 
electricity supply. This can be calculated by algebraically manipulating Equation 4-4 
from chapter 4. This manipulation is show in Equation 7-1. 
m-SI Dom p-Si Dorn- n-i-Si Ind. p-S] Ind. m-Sl Pool p-S1 Pool 
266 
Chapter 7: Companng Photovoltaics to Conventional Electricit-v SuppIN-. 
Equation 7-1: Calculating The Required Capital Costs for a Given Electricity Price. 
Equation 4-4 -P= \j) _ 
((CT 
. 
KA)+ ACo&.. 
QA 
KA 
Therefore CT ý ((P* QA) - AC(-)&.,,, ) 
Where: 
P= Unit Electricity Price 
CT= Total capital costs of the plant. 
KA--,,: Annuitisation coefficient. 
ACo&m = Annual costs of operation and 
maintenance. 
QA = Annual output of the system. 
The actual calculations are shown in Table 7-4. It shows that (with a system output of 
850 kWh/kWp/year, an avoided electricity cost of 9.14 p/kWh, an 8% interest rate and 
a 25 year lifetime) BiPV systems would have to be installed at a total capital cost of 
f 829 /kWp to be competitive with conventional electricity supply. To be competitive 
with conventional electricity at pool price (3.2 p/kWh) the total capital cost of 
systems would need to fall to f290 /kWp. This means that currently BiPV systems 
are at least 8 times too expensive at costs of f6,182 and f6,157 /kWp for m-si and p- 
Si systems respectively. 
Taking account of the avoided costs of a median priced conventional glass cladding 
system (at f425/M2) the capital cost of BiPV cladding systems is reduced to around 
f2,914 and f2,616 /kWp for m-Si and p-Si systems respectively which is still at least 
around 4 times too expensive. 
Table 7-4: The Required Capital Costs of BiPV Systems to be Competitive With Conventional 
Electricity Supply 
Domestic Industnal Central Generation 
System Output (kWh/kWp/y 850 850 850 
Unit electricit-N, Price (p/kWh) 9.1 5 
Interest Rate (0 o) 80o 810 
Lifetime 
_(\, 
cars) -)5 
Required Capital Costs (f,, K-Wl)) 1 829 4-5-5 2901 
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NOVEM (1997) found that PV power was still 5-10 times more expensiý-e than 
electricity from the grid. Shell (1994) similarly found that plant costs need to be 
f 1,800/kWp in sunny regions and E920/kWp in less sunny regions to be competiti%, e 
with conventional electricity sources. Greenpeace (1995) claim that the 
Northumberland building's 39.5 kWp facade at the Universit'y of Northumbria will 
generate electricity in its lifetime that would non-nally cost 00,000 at 1995 prices, 
equivalent to E759/kWp. In a similar way, Wind power had high capital costs initially 
but is now verging on being competitive with conventional electricity supply, and has 
capital costs in the f700-800/kWp region, much lower than PVs (Milborrow, 1995b). 
7.3.1 Conclusions of the Economic Comparison of Costs of Electricity from 
Photovoltaics With Conventional Sources 
What the above analysis overwhelmingly shows is that PVs are not yet competitive 
with conventional electricity supply using conventional economic analysis. It is 
therefore essential that the electricity produced from PV systems has the greatest 
value. Placing BiPV systems on the demand side of electricity meters means that the 
electricity produced, if consumed within the building, has the maximum value - the 
retail price of electricity. This is because it avoids the costs not only of generating 
electricity from conventional sources but also transmitting and distributing it to the 
point of use. Even when the electricity produced is given the highest value (the 
domestic tariff for electricity) PVs are still not competitive with conventional sources. 
The price of electricity varies from country to country and within countries with 
variable tariffs being applied to different consumers. Clearly PVs will be competitive 
earlier in countries with higher electricity prices and for those consumers paying 
highest tariffs. 
Currently the avoided electricity costs of a BIPV system are small in relation to the 
total capital costs. The value of a BiPV fagade in terms of the awided costs of a 
conventional glass cladding far outweigh the value of the electricitv (-, enerated. The 
costs of PVs Nvill have to fall substantially before they are competItI%e wth 
conventional sources of electricity on purely financial grounds. 
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7.4 Economics and Environment 
The 3 sections above showed that whilst BiPV facades have environmental 
advantages over conventional energy sources for supplying electricity to the 
consumer, it is currently a very expensive form of electricity supply under the 
assumptions made. This section highlights the contrast between the economic and 
environmental assessments of BiPV cladding systems. Figure 7-20 contrasts the 
expense of PVs relative to conventional electricity supply in economic terins NNith the 
relative energy resource intensity of conventional electricity supply. The relative 
expense of PV in economic terms is obvious, shown by the blue bars. The orange 
bars in Figure 7-20 show the same comparison but for embodied primary energy use 
per kWh of electricity supplied. This shows that the embodied energy per kWh of 
electricity supplied is higher for the conventional electricity mix than for PVs in stark 
contrast to the economic cost. This illustrates a trade off between economic cost and 
energy resource use. 
Figure 7-20: Comparing the Economic Cost and Primary Energy Embodied for the Supply of 
IkWh of Electricity to the Point of use from Building Integrated Photovoltaic Facades and the 
Average European Electricity Mix. 
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Figure 7-21 shows the same comparison for 3 non-energy resources, bauxite, copper 
and iron". For bauxite resource use there Is no trade off as BIPV systems are more 
expensive in both economic and resource use terms whilst for copper and iron there is 
a trade off as the conventional electricity supply mix uses more of these resources 
than the BiPV systems. 
Figure 7-21: Comparing the Economic Cost and Resources Used for the Supply of I k%N'h of 
Electricity to the Point of use from Building Integrated Photovoltaic Facades and the Average 
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A trade off similar to that for the embodied energy would be expected when looking 
at emissions to air and water, especially for those emissions associated with energy 
use. Figure 7-22 shows the comparison for CO, emissions 12 . The trade off 
between 
economic cost and environmental emissions is clearly shown. This is also the case 
for SO, emissions 13 shown in Figure 7-2-3). This is the same for most of the other 
emissions to air recorded in the streamlined life cycle inventory. Figure 7-24 shows 
the results for Particles, Methane and NO, 14. These results are shown in tabular form 
'' Which are the resources ftom the streamlined LCI that are used most in PV manufacture. 
12 The highest emissions to air ftom PV manufacture in terms of kg released 
13 The second highest emission to air. 
14 Which were the 3rd, 40' and 5h highest emissions to air in terms of kg released. 
0 Iron 
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along with the other emissions recorded in the streamlined inventorv in Table x of 
Appendix 7-3. 
Figure 7-22: Comparing the Economic Cost and Carbon Dioxide Emissions for the Supply of 
I kWh of Electricity to the Point of use from Building Integrated Photovoltaic Facades and the 
Average European Electricity Mix. 
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Figure 7-23: Comparing the Economic Cost and Sulphur Oxide Emissions for the Supply of 
I kWh of Electricity to the Point of use from Building Integrated Photovoltaic Facades and the 
Average European Electricity Mix. 
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Figure 7-24: Comparing the Economic Cost and Emissions to Air for the Supply of I k%N'h of 
Electricity to the Point of use from Building Integrated Photovoltaic Facades and the Average 
European Electricity Mix. 
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This chapter has shown clearly that PVs and especially BiPVs offer the potential tor 
energy resource savings when compared to conventional energy sources. In terms of 
non-energy resource use, BiPVs offer resource savings when compared to central PV 
plants. When compared to conventional sources the results are less conclusive. For 
resources such as bauxite, silver and tin resource use is significantly higher for BiPVs 
than for the average European low voltage supply whilst iron, copper and lead are 
used significantly less. The Central PV plant used more of all the resources recorded 
when compared to the average European mix. 
For emissions to air, again the BiPV cladding systems showed benefits over the 
central PV plant. With the exception of hydrogen sulphide and cyanide, BIPV 
cladding systems showed emissions savings when compared to the average European 
mix. A similar advantage can also be seen in terms of emissions to water with the 
exception of BOD and chlonne emissions. 
Econornic Cost 1: 1 Methane 13 NOx 1: 1 Particles 
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In economic terms, PVs are currently notably more expensive than coný'entional 
electncity sources. If BiPV cladding systems are taken at full costs capital costs are 
currently at least 8 times too expensive to compete with conventional electricitN 
sources. If the avoided cost of a conventional glass cladding systern is deducted as an 
avoided burden, costs are still at least 4 times too high to be competitive. 
Thus there is a trade off between economic costs and environmental benefits which is 
illustrated in section 7A. This provides a strong argument for policy intervention in 
support of PVs. BiPVs can supply electricity which places lower burdens on the 
environment. However, PVs are a relatively expensive way of supplying electricity 
Therefore if it is desirable to achieve lower emissions from the supply of electricity 
and the environmental benefits of PVs are to be achieved, financial incentives will 
have to be provided in order for PVs to be adopted. Further consideration of the 
policy implications of this trade-off between environmental and economic costs is 
made in Chapter 10. 
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8. Case Study - Photovoltaics Potential at the Universitv of 
Surrey. 
As with most economic sectors world-wide, the UK Further and Higher Education 
(FHE) sector faces pressures and tensions in demonstrating sound emironmental 
performance. This chapter considers whether this sector is ideafly positioned to 
contemplate the application of photovoltaics (PVs) and to make a large contribution to 
the development of the industry. It discusses the results of a study to assess the 
potential for electricity generation from PVs at the University of Surrey in the UK. It 
uses the methodologies already presented in previous chapters and demonstrates how 
they can be applied to a case study. In doing so, this chapter illustrates that 
universities may be in a suitable position to accommodate large areas of PVs to 
supply a daytime peaking demand for electricity but may also be ideal sites for the 
small scale demonstration of PVs. 
Section 8.1 provides justification for investigating the potential for PVs at the 
University of Surrey. Section 8.2 describes the site on which the University is placed 
as background information. Section 8.3 describes the methodology used to assess the 
potential of PVs in this chapter. Section 8.4 presents the results of an investigation 
into the potential for integrating PVs into the new European Institute for Health and 
Medical Studies (EIHMS) building which is currently being built at the University. 
Section 8.5 presents similar results but for PVs mounted onto the roofs of existing 
buildings at the University. Section 8.6 illustrates the trade-off between economic 
costs and environmental burdens when comparing PVs to conventional electncitv 
supply. Section 8.7 discusses the physical potential of PVs to meeting a substantial 
proportion of the University of Surreys' electricity demand and section 8.8 concludes 
this chapter. 
8.1 The Choice of the University of Surrey as a Case Study. 
In recent years in particular, there have been increasing calls for UK FI IE InstitUteS to 
address the sustainability a-(-, cnda through providing suitable programmes of education 
un(l by demonstrating "en\ ironniental responsibility"'. Institutes in this sector offer an 
important opportunity for education and denionstration of appropriate technolo(-, icý, 
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such as PVs to a large audience. The Northumberland Building at the University of 
Northumbria in Newcastle is a good example of where this OPPortunitv has been 
seized. In addition, such institutions are large and significant consumers of electricitv 
making the issue of energy an important one on both economic and environmental 
grounds. 
The University of Surrey has for many years considered energy management as an 
area for concern. Most recently It has commissioned an Investigation into the I 
feasibility of a combined heat and power (CHP) plant to supply the University's 
future heat and power needs (W. S. Atkins, 1998). Another study has investigated the 
potential for utilising biomass from short rotation coppice grown on the University's 
outlying agricultural land (Davey, 1995). 
It is often believed that countries in northern latitudes such as the UK are not suited to 
the application of PVs. The low sun angles ranging from 20' to 62" at 12 noon in 
London from December to June (Page and Lebens, 1986), a seasonal \-ariation in day 
length (of 8-18 hours) and a low solar resource relative to lower latitudes (Page and 
Lebens, 1986 and Met. Office, 1980) encourage the belief that PVs are inappropriate 
in such latitudes. This impression is supported by the fact that generally electricity 
demand tends to peak in the winter months when the solar resource is at its lowest. 
However, there are sectors such as the commercial and public sectors where the 9-5 
working day coincides with daylight hours. Universities in the public sector are good 
examples of this: the University of Surrey has a peak demand for electricity around 
lunch-time and little seasonal variation in electricity consumption. 
Studies on the potential for PVs incorporated onto buildings in UK city centres 
indicate that a significant amount of electricity could be generated through xv-1de scale 
adoption of this technolo(ýv (Hill et. al., 1992). Of the manv uni\ersities that were 
built in the UK in the last 30 years, a great number may now need renovating as many 
of the materials such as cladding come to the end of their useful Ilfc. This offers the 
potential for inclusion of PVs. The university sector is also expatiding. ofteriný-' the 
potential for the incorporation of PVs into ncN\ buildiii(p. 
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Having both the building surface area available and a suitable daily electricity demand 
profile relative to the solar resource indicates that the potential for PVs at the 
University of Surrey should be investigated and this chapter outlines the results of this 
investigation. 
8.2 The University of Surrey. 
The University of Surrey is situated in Guildford which lies to the south west of 
London on a latitude of 51.20N. It is suitably oriented with its longest axis running 
East to West and receives an average global radiation of around 970 kWh/m Near on 
a horizontal surface (Met. Office, 1980). The University provides a workyeducation 
environment for approximately 8,500 students and 2,500 staff and is growing rapidly. 
The University campus is predominantly self contained on a site of around 34 hectares 
and has a high density of buildings Indicating that excess electricity generated by 
BiPVs on one building could be distributed to another building in close proximity. 
The University is also physically growing with several new buildings emerging and 
proposals for a major development on its outlying agricultural land. Most of the 
buildings on the site date from the early 1970s and are typical of this era having flat 
facades and roofs of simple design that offer substantial areas for the application of 
PVs. 
Annual electricity consumption at the University is also growing (by 40% Since 
1990/91)1 and is expected to increase by 3% per year over the next decade. It was 17 
GWh in 1996/97 with a peak load of around 3.7 MW which positions it as one of the 
largest consumers of electricity in the Surrey County. This means that if PVs are to 
supply a notable proportion of this electricity then large areas must be both suitable 
and available for PVs to be integrated. Being a large consumer of electricity, the 
University of Surrey gets its electricity at a contracted reduced rate. It has a dual tariff 
of around 3 p/k-Wh at night (midnight to 7 am) and around -5 p/kWh at other times. 
1 According to the University's Energy Manager 
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8.3 Methodology. 
The method used in this chapter for calculating the potential for PVs is based on 111' 
Form which is a computer simulation program for stand alone and grnd interactl\ e PV 
applications. It enables a calculation to be made for the output of PV sN-stems 
accurate to within 5% of actual experience (according to Menicucci and Fernandez, 
1991) 
Variables included in the simulation are: site latitude, hourly solar radiation data, 
hourly electricity demand profile, array area% array tilt, array azimuth, ground 
albedo 4, mismatch and line losses, module efficiency, power conditioning unit 
efficiency, temperature, wind speed and average array height. This will allow for 
simulation of roof or wall areas or a ground mounted system, which is ideal for this 
chapter. 
Site specific weather data were obtained from the Met. Office (1980). An average 24 
hour profile for global and diffuse solar radiation, ambient temperature and wind- 
speed was provided for each month of the year from data recorded between 1951-75. 
Although dated these are still considered to be the most reliable data in published 
5 form in the UK . 
PV form also allows for a specific load profile to be applied. This 
was provided by the University Energy Manager-, an average 24 hour profile for each 
month was used. 
The resulting infori-nation from the PV forrn simulation not only details the total 
energy produced by the PV system but also matches it to the dernand profile for 
electricity use in the University to indicate the suitability of this resource. The 
potential PV area at the University has been calculated from detailed plans, draxý'Ings 
and aerial photographs of the site. This was done in 2 stages. 
2 The surface area available for PVs. 
3 Polar co-ordinates - fimng the position and orientation of the array 
4 Reflection of solar radiation ftom the ground. 
According to staff at the Meteorological Office I ibrarv in Bracknell 
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In the first stage the potential output that could have been generated by, integrating 
PVs into the un-shaded south facing roof and facade of the new European Institute of 
Health and Medical Sciences (EIHMS) building was calculated. This buildinLT is 
currently under construction and represents an opportunity for PVs that has 
unfortunately been missed. 
The second phase considers how the University could best retrofit PVs on a large 
scale to the current buildings on campus. The facades of many of the buildings are 
shaded by other buildings or mature trees so it was therefore decided to consider the 
un-shaded roof spaces as the most viable means of supplying electricity from PVs. 
On the understanding that shading substantially lowers performance of PV systems 
(Hill et. al., 1992), rooftops that are completely shaded are discarded automatically 
from the study and those that are partially shaded are considered individually to take 
account of shading. The structural strength of roofs was also considered and those 
predicted to be structurally insufficient to support PV panels were discarded. For flat 
roofs a utilisation factor of 40% was used i. e. for every I OOM2 of flat roof area 
available 40M2 of PVs could be installed. This factor prevents shading from other 
modules and minor obstructions on the roofs which is consistent with other studies 
(Van Brummelen and Alserna, 1994 and Hill et. al., 1992). On sloping roofs, only 
those orientated south of due east and west were considered as performance of 
systems north of these orientations drops significantly 
8.4 Integrated Photovoltaics on the New EIHMS Building. 
The New HUMS building is currently being built on campus at the University of 
Surrey. It could have incorporated 480m 
2 
of PV panels integrated into the south 
2- facade of the building and a further 530 in into the south side of its curved roof, 
replacing a zinc coated alurninium. cladding system. This section describes the 
potential of such a system for providing electricity to the building and presents the 
likely cost in economic and environmental terms of doing this. 
6 
, \s results 
from PV form indicated. 
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8.4.1 Electricity Supply from a Photovoltaic System Integrated into the EIHNIS 
Building. 
Under the technological assumptions made for PVs in chapter 6 and assuming a 700'o 
performance ratio, PV form calculated that a m-Si PV system integrated into the 
EIHMS building as described above would in an average year in Guildford produce 
95,980 kWh of electricity. 59% of this would be produced by the panels on the roof 
and 41% by the panels on the faýade. These results are presented in Table 8-1. Being 
a system of 1010 M2 this is equivalent to an average output of 95 Mvi-n"/year. The 
roof part of the system has a higher output per M2 due to the fact that it is more 
optimally tilted (at 10') to capture a larger amount of the solar radiation. In the UK 
diffuse radiation makes up a substantial part of the total radiation received resulting in 
an optimal tilt of around 35' according to PV form calculations. The system would be 
131 kWp in size and would produce around 731 kW-h/kWp/year. In producing this 
amount of electricity the BiPV systems would supply 18.4% of the buildings total 
expected annual electricity demand 7, equivalent to 0.57% of the University's total 
annual electricity demand. 
Table 8-1: The Output from a Building Integrated Mono-crystalline Silicon Photovoltaic System 
on the New EIHMS Building. 
M-sl Roof Fapde Total 
Total Systern output kWh/year 56588 39393 95980 
Av. System output kWh/m^2/year 107 82 95 
Av. System output kWh/kWp/year 821 631 731 
% of building electricity demand 10.8 7.5 18.4 
% of University electricity demand 0.34 0.23 0.57 
Table 8-2 shows the same figures but for a p-SI BiPV system. The lower output of 
the system being due to the lower efficiency of p-Si modules. If p-SI modules are 
used the systern would only be 106 kWp in size. The lower peak output of a p-Si 
systern means that the svstern would produce 17% of the buildings expected 
electricity demand or 0.53% of the universities total annual electricity dcmand. 
7 The building's total electncity dernand is expected to be around 521,800 kWh per year According to 
the University Enerý, v Manager) although this is likelý to be significantly higher than the best practice 
electricitv consumption that the building could achieve. 
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Table 8-2: The Output from a Building Integrated Poly-crystalline Silicon Photovoltaic System 
on the New European Institute of Health and Medical Sciences Building. 
P-si Roof Faqade Total 
Total System output kWh/year 52246 36 641 88887 
Av. System output MWm`2/year 99 76 88 
Av. System output kWh/kWp/year 821 6-36 7 33 33 
% of building electricity demand 10.0 7.0 17.0 
1% of University electricity demand 0.31 . 
0.22 
. 
0.5. ) 
On an average 24 hour basis Figure 8-1 compares supply of electricitv from BIPV 
systems on the EIHMS building and the load profile of the University as a whole. 
The peak of the PVs electricity supply schedule matches well with the peak of the 
University electricity demand (note the different scales for supply and demand). 
Figure 8-1: Comparing the Daily Average Electricity Demand Profile of the University of Surrey 
with the Average Daily Supply Profile for a Photovoltaic System on the EIHMS building. 
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8-2 shows the same comparison but on a monthly total basis. It illustrates the Fig 
seasonal mismatch between PV supply which peaks in summer months with 
electricity demand which for the University of Surrey remains 
fairly constant 
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throughout the year. This mismatch is not an issue until PVs supply a large 
proportion of the University's total electricity demand. 
These figures indicate that integrating PVs into new buildings built on the campus 
could produce a significant proportion of the electricity loads of individual buildings. 
Figure 8-1 showed that the University has a high base load demand for electricity 
which means that a large amount of electricity could be supplied by PVs before the 
system would need to export to the grid. Certainly a system installed on the EIHMS 
building would rarely generate electricity in excess of the Universities electncitv 
demand to export to the grid. 
Figure 8-2: Comparing the University Electricity Demand with Potential Photovoltaics Supply oil 
a Monthly Basis. 
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8.4.2 Energy Analysis of a Photovoltaic System Integrated into the EIIINIS 
Building. 
This section provides a primary energy analysis of the BIPV system. described In the 
section above, that could be integrated into the nevv EIHMS building at the Universivy, 
of Surrey. It is based on the energy analysis results for BiPV facades and sloped 
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roofs, and alternative cladding materials presented in chapter 6. Table 8-' shows the 
results of the energy analysis. Around 9.37 and 7.62 TJ of primary energy, for a m-Si 
and p-Si system respectively, would be embodied in the 1010mý system. If the 
estimated embodied energy of an aluminium cladding systemg covering the same area 
is deducted as an avoided burden, a net of around 8.15 and 5.1 -1 nmary energy 
' TJ of p 
would still be embodied and attributed to the PV system (this net energv anaIN'sis Ior 
the 2 technology types is shown in the 2 nd and 4"' columns of the table). 
Table 8-3: Energy Analysis Factors for a Building integrated Photovoltaics System on the 
EIHMS Building. 
M-si Net m-Si P-si Net p-Si 
pnmaiy energy input (TJ) 9.37 8.15 7.62 5.1 33 
System Lifetime Output (kWb) 2399504 2399504 , 2222170 2222170 
System Lifetime Output (TJ) 8.64 8.64 8.00 8.00 
Systern Output Primary Energy Equivalent (TJ) 3 1.43 31.43 29.11 29.11 
System Lifetime (Years) 25 25 -) r, 25 
Energy Payback Time (Years) 7.45 6.48 6.54 4.40 
Energy Retum on Investment (Ratio) 3', 36 3.8 6 3.82 5.68 
Net energy Balance (%) 70 74 74 82 
Using the systems lifetime output (calculated by PV form) and converting it into TJs 
of primary energy equivalent, the energy analysis factors can be calculated. These are 
shown in the last -3) rows of 
Table 8-3. The output of the systems is lower than the 850 
kWh/kWp/year assumed in the previous chapter and hence the energy payback times 
are longer and the energy return on investments and net energy balances lower than 
those presented in Chapter 6. 
Thc electricity produced by a system on the EIHMS building would replace around 
8.64 or 8.0 TJ (for rn-Sl and p-Sj systems respectively) of electricity from 
conventional sources over its lifetime. Using the energy analysis data for the UK 
ix presented in Chapter 7 (assurning the 1997 UK electricity mix for electricity mi IIII 
sho\ýs the ratio of primary encr(-, -\ domesticalk generated electricity), Figure 8-) 
s, i\-cd to primary energy used in supplying electricity to the building from PVs rather 
than conventional electricity supply from the grid. 
Aluminium is the material that is currently being used to clad the FIHMS bui ing 
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From this figure we can see that a BiPV system on the MIMS building would save 
around 3.6 and 4.2 times as much energy, for m-Si and p-Si s-ystems respecti\ ely. as it 
would use in replacing electricity supplied from the UK id. Bv deducting the gri 
energy embodied in an alurninium cladding that would have been erected the savings 
are increased due to the energy intensity of alurninium. The ratio of energy saved to 
energy embodied increases to 4.7 for a m-Si system and to around 5.9 for a p-Si 
system. 
Figure 8-3: Ratios of Primary Energy Saved to Primary Energy Used in Supplying Electricity 
from Building Integrated Photovoltaics on the new ETHMS Building at the University of Surrey. 
Net p-Si system 
P-Si system 
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The results on which this section are based are shown in more detail in Appendix 8-1. 
8.4.3 Life Cycle Inventory Analysis of a Photovoltaic System Integrated into 
the EIHMS Building. 
A more detailed account of the environmental benefits of integrating PVs into the 
EIHMS building can be made by presenting the results of a streamlined LCI analysis. 
This section takes the LCI data from Chapter 6 for facades and sloped roofs. By 
multiplying this by the appropnate factors the LCI for a 1,0 1 OM 2 BiPV system can be 
calculated. 
Figure 8-4 shows the resource use savings, 'Josses from using a BiPV system on the 
EIHMS building to supply electricity to the building rather than an equivalent amount 
of electricity being supplied from the conventional electricity grid. On a logarithmic 
scale it presents the ratios of resources avoided to those used to supply electricity to 
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the building from PVs. For example, for lead resource use values of over 10 mean 
that using BiPVs to supply electricity to the EIHMS building uses 10 times less lead 
than supplying the same amount of electncity from the UK grid. Alternatively for 
silver, values of less than 0.001 mean that a PV system on the EIHMS building would 
be over 1000 times more resource intensive than supplying the same amount of 
electricity from conventional means. 
The net figures refer to resource use for the PV system net of the resource use for an 
aluminium cladding system which would have been used to clad the building - 
deducted as an avoided burden. 
As could be expected Figure 8-4 is very similar to Figure 7-7 in Chapter 7. The 
marked difference being for Bauxite resource use. Because the cladding being 
avoided by using PVs is aluminium there is actually a resource saving for bauxite use 
from using PVs rather than an aluminium cladding system. Therefore for the Net 
systems the effective resource use for bauxite is less than 0. When calculating the 
resource use saved / resources used the ratios for bauxite can not be calculated for the 
net PV systems because negative values can not be plotted on a log scale. 
Figure 8-4: Ratios of Resource use For Electricity Supply from Photovoltaics Integrated into the 
New EIHMS Building Relative to the Same Electricity Supply from Conventional Sources. 
0 Net p-SI Total 0 p-SI Total 0 Net m-Si Total 1: 3 m-SI Total 
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Given the mixed results for resource use (some resource savings and some losses ) it 
is hard to conclude whether or not BiPVs are resource intensi%e in comparison to 
conventional electricity supply to the University of Surrey. 
For emissions to air, installing BiPVs on the EIHMS building xvould haý, e substantial 
emissions savings over conventional electricity supply in the UK. The magnitude of 
these savings is illustrated in figure 8-5. The exception to this is emissions to air of 
cyanide - as discussed in Chapter 7. There are hydrogen sulphide emissions savings 
from using BiPV in the UK because the UK mix has a higher gas generation content 
than the average European mix. As illustrated in Chapter 7 gas-generated electric1tv 
has higher emissions of hydrogen sulphide associated with it compared xvith other 
conventional sources. 
Figure 8-6 shows similar results for emissions to water with emissions saN, ings from 
using PVs. The exception being chlorine emissions and biological oxygen demand 
(BOD) which were discussed in Chapter 7. Because BOD is high for aluminium 
production it is negative for BiPV systems net of a conventional aluminium cladding 
system. Hence the BOD ratios for systems that have avoided emissions from a 
conventional cladding system deducted as an avoided burden cannot be shown on the 
diagram. 
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Figure 8-5: Ratios of Emissions to Air from Electricity Supply from Photovoltaics Integrated into 
the New EIHMS Building Relative to the Same Electricity Supply from Conventional Sources. 
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Figure 8-6: Ratios of Emissions to Water from Electricity Supply from Photovoltaics Integrated 
into the New EIHMS Building Relative to the Same Electricity Supply from Conventional 
Sources. 
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The fact that the UK electricity supply is dirtier than the average European electri . city 
supply means that ratios of avoided emissions to released emissions from using PV 
should be higher. However, as we saw in section 8.4.1 the productivity of a PV 
system on the EIHMS building would be lower than the European average assumed in 
Chapter 7, therefore emissions per unit of electricity supplied by PVs are higher for 
the former. 
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Wbat this section has shown is that notable emissions savings can be made ývlth 
BiPVs on the EIHMS building at the University of Surrey indicating that such a 
project would have significant environmental benefits to the buildings expected 
operation. For example, forC02 emissions, the system will sa,, e around 1.519 or 
1,632 tonnes Of C02 in its lifetime for a m-Si system depending on whether the 
avoided emissions of an aluminiurn cladding system are deducted. For p-Si systems 
the figures are around 1,233 or 1,346 Tonnes. 
The actual figures on which the results presented in this section are based are 
presented in tabular form in Appendix 8-2, table v for m-Si and table vi for p-Si. 
8.4.4 Economic Analysis of a Photovoltaic System Integrated into the EIHMS 
Building. 
This section presents an economic analysis of supplying electricity from a 1,010 m2 
BiPV system on the EIHMS building at the University of Surrey. Table 8-4 shows 
the calculation of the unit electricity costs of supplying electricity from a m-SI BiPV 
system. It shows that With the capital costs of f6,180 /kWp9, a system lifetime of '25 
years, an interest rate of 8% and an annual output of 95,980 kWh/yearlo the system 
would produce electricity at a cost of around 79 p/kWh. Deducting the cost of a 
conventional sheet metal cladding system (f2lO/m2) the unit electricity cost would 
tall to 59 p/kWh. 
I'able &4: Calculating the Cost of Electricity from a Mono-crystalline Silicon Building Integrated 
Photovoltaic Cladding System on the New EIHMS Building at the University of Surrey. 
Costs M-Si Net m-Si 
Capital cost (f-)__ 811944 811944 
Avoided Costs (Y-/m'-)) 0 210 
System Size (m^2) 1010 1010 
Total 
-Avoided 
Costs (f) 0 212100 
Net capital cost (f) 811944 599844 
Interest Rate (o) 8 8 
PrQject I-Ife-time (years) 25 25 
Capital cost repayment p. a. (f) 76062 56193 
Annual System Output (kWh) 95980 [_ 95980 
Buy back price p, kWh 791 59 
1) Found in Chapter 6 for ni-Si systems. 
"9 Equi\ alent to 730 K-N\'h/k-Wp. 
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Table 8-5 shows that under the same assumptions,, a p-Si system costing f 6ý 157, kWp 
would produce electricity at a unit cost also of around 79 p/kWh at full cost or around 
56 p/kWh with the avoided cost of a conventional cladding system deducted. 
Table 8-5: Calculating the Cost of Electricity from a Poly-crystalline Silicon Building Integrated 
Photovoltaic Cladding System on the New EIHMS Building at the University of Surrey. 
Costs P-Si Net 
Capital cost (f) 746536 746536 
Avoided Costs (f/m/\2) ' 0 210 
System Size (m/*\2) 1010 1010 
Total Avoided Costs (f) 0 212100 
Net capital cost (f) 746536 534436 
Interest Rate (%) 8 8 
Project Life-time (years) 25 25 
Capital cost repayment p. a. (f) 69935 50065 
Annual System Output (kWh) 88887 88887 
Buy back price p/kWh 79, 56 
Given that the cost of electncity to the University is currently around 5 p/kWh during 
the day, the costs of electricity from PVs is very high. Table 8-6 calculates the cost of 
the PV system net of the electricity costs avoided over the lifetime of the system. 
Table 8-6: Accounting for the Avoided Electricity Costs of a BiPV System Installed on the New 
EIHMS Building. 
Total M-Si 
- 
P-Si Net m-Si Net p-Si 
Capital costs (f) 811944 746536 599844 534436 
System Output (kWWyear) 95980 88887 95980 88887 
Avoided unit electricity price (p/kWh) 5 5 5 S 
Annual Avoided Electricity Costs (f) 4799 4444 4799 4444 
_Lifetirne 
(years) 25 25 25 25 
Avoided total lifetime electricity costs (f) 119975 111108 119975 111108 
Interest Rate (%) 8 8 8 8 
Present V, -due of Avoided Electricity Costs (f) 55327 51238 55 32 7 512', 8 
Net Costs (f) 756617 695299 544517 4831 199 
It shows that over a 25 year lifetime a m-Si PV system would avoid f 119,975 of 
electricit), costs which with a 8% interest rate have a present value of f 55,327. A p-Si 
systern would replace electricity costing f 111,108 over its 25 year lifetime which has 
a present value of f51,238. 
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Deducting the present value of the avoided electricity costs from the capital costs of 
the system results in a net present cost, which is a measure of the degree to which the 
system is too expensive to be competitive with conventional electricity supply. This 
is shown in the bottom line of Table 8-6. This indicates that even by deducting the 
avoided costs of conventional aluminium. cladding system, PVs are still too expensive 
to compete with conventional electricity supply at the University. Table 8-7 shows 
the same calculations on a per m2 of system basis. 
Table 8-7: Accounting for the Avoided Electricity Costs of a BiPV System Installed on the New 
2 EIHMS Building per m of System. 
Per m^2 M-Si P-Si Net m-Si Net LSi 
Capital costs (Vml'2) 804 739 594 529 
System Output (kWh/m/2/year) 95 88 95 88 
Avoided unit electricity price (p/kWh) 5 5 S 5 
Annual Avoided Electricity Costs (f/m^2) 4.75 4.40 4.75 4.40 
Lifetime (years) 25 25 25 25 
Avoided total lifetime electricity costs (Vm^2) 119 110 119 110 
Interest Rate (%) 8 8 8 8 
Present Value of Avoided Electricity Costs (f-/ml\2) 55 51 55 51 
Net Costs (L/m\2) 1 7491 688 1 5391 4781 
The results of this table are presented graphically in Figure 8-7. Clearly the avoided 
electricity costs are small in companson to the total capital costs of the system. 
Accounting for the avoided cost of an alternative cladding has more impact on 
reducing costs than deducting the present value of avoided electricity costs. 
Figure 8-7: Calculating the Net Cost of a Building Integrated Photovoltaic System on the New 
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The total cost of the system would be around f 812,000 for a m-Si system or f 747,000 
for a p-Si system. Deducting the present %alue of the electncity costs that the system 
would avoid over it's lifetime and the avoided cost of an aluminium claddini--y sN, stem 
the University would still have to pay an additional f544,517 for a m-S1 sN, stem or 
f483,199 for a p-Si system. 
8.4.5 Summarising the Viability Assessment of a Building Integrated 
Photovoltaic System on the EIHMS Building at the University of Surrey. 
Integrating PVs into the EIFIMS building at the University of Surrey would enable the 
building to supply a significant fraction of its own electricity needs. Thi I IN is electric' . 
would be produced when the University pays the highest tariff for its electricity. The 
output of the system would be around 730 kWh/kWp which is towards the low end of 
the range of outputs given for central to northern European locations in Chapter 6. 
Because of the lower performance of the systems, energy payback times are high but 
are reduced significantly if the energy embodied in an aluminium cladding system is 
deducted as an avoided burden. Life cycle inventory analysis revealed that whilst 
results were inconclusive for resource use there are savings in emissions to air and 
water from using electricity supplied by PVs rather than the UK gnd. 
In economic terms unit electricity costs of 79 p/kWh for both m-Si and p-Si systems 
makes BjPV a very expensive means of supplying electricity to the building NNhell 
compared to a tariff of 5 p/kWh which is what the University currently pays for its 
daNýAime electricity. Even when the costs of an aluminium. cladding are deducted as an 
avoided cost, unit electricity costs are still around 56-59 p/kWh. 
8.5 The Viability of Retrofitting Photovoltaics to the Existing 
Buildings at the University of Surrey. 
Section 8.4.1 showed that a large area of panels would be needed to supply a 
significant proportion of the University's total electricity demand. Thi,, section 
considers the large scale application of PVs at the University of Surrey. 
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survey of existing buildings on the site revealed that. due to the shading from 
mature trees and the close proximity of other buildings, the facades of buildings on 
campus were less desirable for the application of PVs than the roof areas. With this in 
mind it was decided to consider the potential for applying PVs to the roof areas of 
buildings on the University campus. 
8.5.1 Electricity Supply from Photovoltaics 'Mounted on the Roofs of Existing 
Buildings at the University of Surrey. 
Detailed maps, drawings and aria] photographs of the University were used to conduct 
2 a survey of the site. It was found that an estimated total area of around 9,2 10 M Of 
PVs could be installed on the un-shaded flat roofs of the Universit-v orientated to face 
due south at a 350 pitch". Some of the newer buildings, including several of the halls 
of residence, have sloping roofs at different orientations and these roofs add a further 
8,670 m2 of un-shaded rooftop area suitable for PVs. Table 8-8 shows the results of 
the survey, listing the areas considered appropriate, their orientation and pitch. 
Table 8-8: Available Roof Area for Photovoltaics at the University of Surrey. 
System 
code 
Area in M2 
Orientation in 
East of South 
Pitch in " 
From Horizontal 
A 9207 0 3) 5 
B 162 0 12.5 
C 84 0 17 5 
D 77 0 20 
E 863 - 43 30 
F 844 313 30 
G 476 300 30 
H 229 285 30 
1 458 270 30 
458 290 30 
K 1926 
-10 
45 
L 1508 12 30 
M 1583 282 30 
Total 17875 
Table 8-9 shows the results from PV fon-n for outputs of m-Si PVs applied to the 
areas listed in Table 8-8. The second column in Table 8-9 shows ho\\- the output of 
PV systems can vary at a given location depending on the angle of tilt and onentation. 
" kN'hich according to PV form is the optimum for this location. 
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The PVs applied to the flat roofs have the highest output as they are able to be 
orientated and tilted to the optimal position. The third column shows that outputs 
from the systems would average around 845 kWh/kWp/ year an increase on the 
performance of a system on the EIRMS building because that system included a 
faqade which at a pitch of 900 to the horizontal greatly reduces the output of the 
system. 
The total electrical output from the 17,875 M2 Of M_Sj panels that could be mounted 
onto the un-shaded roofs at the University would be around 1.96 GWh per annum or 
around 12% of the University's annual electricity demand. Table 8- 10 shows the same 
results for the application of p-Si panels of the same areas. Due to the lower 
efficiency of the modules, p-SI modules would produce around 1.81 GWh of 
electricity per annurn or 10.6% of the University's annual electricity demand. 
Table 8-9: The Output from Mono-crystalline Silicon Photovoltaics Mounted on the Roofs of 
Existing Buildings at the University of Surrey. 
Code Total System output 
kWh/year 
Av. System output 
kWh/m"2/year 
Av. System output 
kWh/kWp/year 
% of University 
electricity demand 
A 1045899 114 874 6.20 
B 17509 108 831 0.10 
C 9264 110 848 0.05 
D 8560 111 855 0.05 
E 94128 109 839 0.56 
F 90368 107 823 0.54 
G 49347 104 797 0.29 
H 22691 99 762 0.13 
1 43089 94 723 0.26 
1 46107 101 774 0.27 
K 211769 110 846 1.25 
L 170561 113 870 1.01 
M 155208 98 754 0.92 
Total 1964498 1101 845 11.64 
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Table 8-10: The Output from Poly-c rystal line Silicon Photovoltaics Mounted on the Roofs of 
Existing Buildings at the University of Surrey. 
Code Total System output 
kWh/year 
Av. System output 
kWh/m/2/year 
Av. System output 
kWh/kWp/year 
% of University 
electricity demand 
A 964421 104.7 873 5ý72 
B 16172 99.8 832 0.10 
C 8548 101.8 848 0.05 
D 7897 102.6 854 0.05 
_E 
86781 100.6 838 0.51 
F 83302 98.7 822 0.49 
G 45480 95.5 796 0.27 
H 20921 91A 761 0.12 
_ 1 39682 86.6 722 0.24 
1 42473 92.7 772 0.25 
K 195245 101.4 844 1.16 
L 157334 104.3 869 0.93 
M 143058 90.4 753 0.85 
Total 1811315 101.3 844 10.73 
The peak shaving effect that this electncity supply from PVs would have on the 
average daily load profile is shown in Figure 8-8 for both m-SI and p-SI modules. 
This is an average and would be lower in winter and higher in summer and would 
fluctuate much more rapidly. However, the figure does indicate the impact on 
reducing the peak electricity demand. It also shows the higher performance of m-S, 
rnodules, which have a greater peak shaving effect than p-Si modules. 
Figure 8-8: The 'Peak Shaving' Effect of Rooftop Photovoltaics on the Average Daily Load 
Profile at the University of Surrey. 
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Figure 8-9 shows the effect of deducting the electncity produced by m-Si and p-Si PV 
modules, as described above, from the monthly totals for electncity demand. It 
illustrates the greater impact in summer months when the solar resource II is highest. 
Figure 8-9: The Impact of Rooftop Photovoltaic Electricity Supply at the University of Surrey on 
Electricity Consumption on a Monthly Basis. 
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8.5.2 Energy Analysis of Retrofitting Rooftop Photovoltaic Systems to Existing 
Buildings at the University of Surrey. 
This section presents energy analysis results of mounted PV systems on the roofs of 
existing buildings at the University of Surrey. It is based on the energy analysis data 
presented in Chapter 6 on sloped and flat roof mounted systems. 
'Fable 8-11 shows that a system of 17,875 m2 will have a primary energy input of 168 
TJ for m-SI and 1 '17 TJ for p-Si systems respectively. With a lifetime of 25 years, the 
systems will produce around 49.1 GWh for a m-Si system or 45.3 GWh for a p-SI 
system which is equivalent to a primary energy input of 643 TJ and 593 TJ 
respectively. Given that this is the lifetime output of the systems it will take them 
approximately 6.5 and 5.8 years for m-SI and p-Si respectively to 'pay back' the 
energy embodied in making them which is equivalent to an energy return on 
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investment of around 3.8 and 4.3 and a net energy balance of 74 and 77"o for m-Si 
and p-SI technologies respectively. 
Table 8-11: Energy Analysis Factors for a Retrofitted Rooftop Photovoltaic System at the 
University of Surrey. 
Resources M-Si P-Si 
Primary energy input (TJ) 168 137 
System Lifetime Output (kWh) 49112450 - 45282865 
System Lifetime Output (TJ) 177 163 
System Output Primary Energy Equivalent (TJ) 643.34 593.18 
System Lifetime (Years) 25 25 
Energy Payback Time (Years) 6.53 5.78 
Energy Return on Investment (Ratio) 3.83 4.33 
Net energy Balance (%) 74 77 
Because these systems are assumed to be mounted onto existing buildings there are no 
costs of avoided building materials to be deducted. 
In terrns of saving energy resources, Figure 8-10 shows that the systems would save 
around 4.5 to 5 times as much energy as is embodied in them when compared to 
electricity supply from the UK average mix for 1997. 
Figure 8-10: Ratios of Primary Energy Saved to Primary Energy Used in Supplying Electricity 
from Mounted Rooftop Photovoltaic Systems on Existing Buildings at the University of Surrey. 
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The results on which this section are based are presented in Appendix 8-3 tables vii to 
x 
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8.5.3 Life Cycle Inventory Analysis of Retrofitting Rooftop Photovoltaic 
Systems to Existing Buildings at the University of Surrey. 
As for section 8.4.3, this section is based on the LCI data from Chapter 6 for sloped 
and flat roof PV systems. By multiplying these data by the appropriate factors (to 
2 
account for the size of the system) the LCI for a 17,875 M PV system can be 
calculated. This section considers the potential environmental benefits of mounted 
PV systems on existing buildings at the University of Surrey. 
Figure 8-11 shows the ratios of resources saved to resources used in supplying 
electricity from rooftop PVs at the University compared with conventional electricity 
supply from the UK mix. As would be expected from the results of previous sections 
and chapters the results are inconclusive with some resources (such as silver and tin) 
being used substantially more by PVs and others (such as copper and lead) notably 
more by conventional electricity sources. 
Figure 8-11: Ratios of Resource use For Electricity Supply from Rooftop Mounted Photovoltaics 
on Existing Buildings at the University of Surrey Relative to the Same Electricity Supply from 
0 m-Si Mounted 
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Figure 8-12 shows a similar comparison for air emissions. As previously illustrated, 
with the exception of cyanide emissions, the use of PVs compared to the UK 
electricity supply mix to supply electricity to the University has emissions savings. 
For example for CO-, emissions the ratio is around 5.6 for both m-Si and p-Si systems. 
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This means that by Installing roof top PV systems at the University of Surrey 5.6 
times as much C02 would be avoided compared w-ith what will be emitted from 
producing and constructing the system. In producing and installing the 17,875 m- of I 
modules and BOS components around 5,700 and 7,000 tonnes of CO, would be 
emitted for p-SI and m-Si systems respectively. The emissions avoided from 
electricity consumption will be in the order of 35,000 to 39,000 tonnes of CO-- for p-Si 
and m-Si systems respectively. 
Figure 8-12: Ratios of Emissions to Air Associated with Electricity Supply from Rooftop 
Mounted Photovoltaics on Existing Buildings at the University of Surrey Relative to the Same 
Electricity Supply from Conventional Sources. 
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For emissions to water a similar result can be seen in terms of ratios show-ing benefits 
of the use of PVs. This is shown in Figure 8-13. There are 2 exceptions. BOD which 
as mentioned in previous chapters is related to the use of aluminium in the modules 
and support structure. Chlorine solutions from m-Si manutacture is also emitted in 
greater quantities than during electricity generation and distribution from conventional 
sources. 
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The life cycle inventory data presented in the last 3 figures are presented in tabular 
form in tables xi and xii of Appendix 8-4. 
Figure 8-13: Ratios of Emissions to Water Associated With Electricity Supply from Rooftop 
Mounted Photovoltaics on Existing Buildings at the University of Surrey Relative to the Same 
Electricity Supply from Conventional Sources. 
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8.5.4 Economic Analysis of Mounting Photovoltaics on the Rooftops of Existing 
Buildings at the University of Surrey. tn- 
This section provides an economic analysis of supplying electricity from 17,875 m2 of 
PV panels mounted on the roofs of existing buildings at the University of Surrey. 
Table 8-12 shows the calculation of the unit electricity costs. Given the capital costs 
for PV systerns found in chapter 6 the system would cost around f 14.4m if made from 
m-Si modules and f 13.2rn if made from p-Si panels. Given a 25 year lifetime, a 8% 
interest rate and an annual output of 1.96 GWh and 1.81 GWh for m-Si and p-Si 
systems respectively, the unit electncity costs are calculated to be around 68 p/kWh 
for both m-SI and p-Si systems. The electricity that the PV systems would replace 
currently costs the University 5 p/kWh. 
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Table 8-12: Calculating the Cost of Electricity from Crystalline Silicon Roof-top Photovoltaic 
Systems on the Existing Buildings at the University of Surrey. 
M-si P-si 
Capital cost (f) 14365085 13212050 
System Size (m^2) 17875 17875 
Interest Rate (%) 8 8 
Project Life-time (years) 25 25 
Capital cost repayment p. a. (f) 1345704 1237689 
Annual System Output (kWh) ' 1964498 1 18113151 
Buy back price p/kWh 68.50 68.33-1 
Table 8-13 shows the effect of deducting the avoided electricity costs of the systems. 
The systems will avoid E90,500 and f98,200 on electricity annually for p-Si and m-S, 
respectively or a total of f2.26m and f2.46m over their lifetime. However, the 
present value of these future electricity cost savings with a 8% discount rate is 
reduced to f 1.04m and f 1.13m for p-Si and m-Si respectively which represent 7.9% 
of total capital costs for both technology types. The university would pay f- I 3.2m for 
a m-Si system of this size net of the present value of the avoided electricity costs it 
would benefit from., f 12.2m for a p-Si system. 
Table 8-13: Accounting for the Avoided Electricity Costs of Roof Mounted Photovoltaics 
Installed on Existing Buildings at the University of Surrey. 
Total M-si P-si 
Capital costs (f) 14365085 13212050 
System Output (kWh/year) 1964498 1811315 
Avoided unit electricity price (p/kWh) 5 5 
Annual Avoided Elechicity Costs (f) 98225 90566 
Interest Rate (%) 8 8 
Lifetime (years) 25 25 
Avoided total lifetime elecoicity costs (f) 2455623 2264143 
Present Value of Avoided Electricity Costs (f) 1132411 1044110 
lNet Costs (f) 1 132326731 12167932J 
Table 8-14 shows the same calculations on a per m2 of system basis. The results of 
this table are shown in Figure 8-14. Clearly the avoided electricity costs are small in 
comparison to the total costs of the system and with no other avoided costs this 
indicates that the cost of installing, PVs is high. 
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Table 8-14: Accounting for the Avoided Electricity Costs of Roof Mounted Photovoltaics 
Installed on Existing Buildings at the University of Surrey per m2 of System. 
Per m^2 M-si P-si 
Capital costs (f/m/1\2) 804 739 
System Output (kWh/m\2/year) 110 101 
Avoided unit electncity price p/kWh) 5 5 
Annual Avoided Electricity Costs (f/m/\2) 5.50 5.07 
Interest Rate 8 8 
Lifetime (years) 25 ')5 
Avoided total lifetime electricity costs (f/m/\2) 137 127 
Present Value of Avoided Electricity Costs (f/m2) 63.35 58.41 
Net Capital Costs (f/m'2) 740 681 
Figure 8-14: Calculating the Net Cost of a Rooftop Mounted Photovoltaic System on Existing 
Buildings at the University of Surrey. 
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8.5.5 Conclusions of the Potential of Roof Mounted Photovoltaics at the 
University of Surrey. 
The University of Surrey has large amounts of surfaces available for installing PVs on 
the roofs of existing buildings. A system of 17,875 m2 of panels could be installed 
representing-2.3 MWp and 2.1 MWp for m-SI and p-SI respectively. The output from 
such a system could supply 11.6% and 10.7% of the University's annual electricity 
demand. The systems would take around 5.7-6.5 years to payback the energy 
embodied in making them but would save around 4.5-5 times as much energy when 
compared to conventional electricity supply through the grid. Whilst savings of non- 
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energy resources is not conclusive significant emissions to air and water xvould be 
saved. However, the current expense of PVs means that such a system is very 
expensive as a source of electricity for the University. 
8.6 The Economic and Environmental Trade-off of Installing PN, 's 
at the University of Surrey. 
The last 2 sections have shown that whilst installing PVs at the University of Surrey 
would have environmental benefits over conventional electricity supply It Is currently 
a very expensive form of electricity supply. This section illustrates this trade-off and 
compares the systems on the EIHMS building from section 8.4 with the roof mounted 
systems from section 8.5. 
Figure 8-15 shows the difference between the economic cost of I kWh of electricity 
compared with the energy requirement for the different PV systems and compares this 
with the UK electricity supply. As was illustrated in chapter 7, there is a trade-off 
between the high relative economic costs and low energy resource use of PVs 
compared with the low relative econornic costs and high energy resource use of 
conventional sources of electricity supply. 
Figure 8-15: Comparing the Economic Cost with Primary Embodied Energy for the Supply of I 
kWh of Electricity to the University of Surrey from Photovoltaics and Conventional Sources. 
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The figure also shows that the mounted PV systems on the roofs have lower costs in 
both economic and energy terms when compared to the BiPV system on the EIHMS 
building when total costs are considered. However the PV systems on the EIHMS 
building have lower energy and economic costs than the roof top systems per kWh If 
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the cost of the conventional aluminium cladding that would be installed on the 
building is deducted as an avoided cost. The extra performance of the rooftop system 
does not outweigh the benefit of deducting the avoided cost of the BIPV system. 
Figure 8-16 shows a similar comparison for the 3 non-energy resources that are used 
significantly in PV manufacture - bauxite, iron and copper. Again provided that the 
resource use of a conventional cladding system is deducted as an avoided burden, the 
BiPV system on the EIHMS building is both cheaper and less resource intensive than 
a roof mounted system. 
Figure 8-16: Comparing the Economic Cost with Resource Use for the Supply of I kNN'h of 
Electricity to the University of Surrey from Photovoltaics and Conventional Sources. 
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similar result can be illustrated for most emissions to air and water that were 
recorded in the streamlined LCI. Figure 8-17 shows the comparison for CO-, 
emissions. 
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Figure 8-17: Comparing the Economic Cost with Carbon Dioxide Emissions for the Supply of I 
kWh of Electricity to the University of Surrey from Photovoltaics and Conventional Sources. 
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Figure 8-18 shows that emissions of chlonne solution to water are one of the 
exceptions to this. Significant emissions of chlorine solutions during the m-Si ingot 
manufacture stage make emissions from m-SI PV higher than the emissions from the 
2 UK electricity supply. Because the roof mounted systems have a higher output per m 
they have lower emissions of chlorine associated with them per kWh regardless of 
whether or not emissions from the manufacture and installation of a conventional 
cladding systern are deducted from the emissions associated with a BiPV system. 
Figure 8-18: Comparing the Economic Cost with Chlorine Emissions to Water for the Supply of 
I kWh of Electricity to the University of Surrey from Photovoltaics and Conventional Sources. 
90 
90 
70 
60 
50 
. 
Gn 
40 
30 
20 
10 
0 
O-Economic-co-sts 13 Chl-orme--s-olution-s 6 
. (7 
DL) 
304 
ni-Si P-sl ni-Si Net m-Si P-sl Net p-Sj UK Mix 
Mounted Mounted EIHMS EIHMS EIHMS EIHMS Avoided 
Chapter 8: Case Stud,. - Photovoltaics Potential at the University of SwTev. 
8.7 Potential for Photovoltaics at the University of Surrey. 
To produce the University's entire electncity demand per year would require at least 
155,000 M2 and 168,000 m2 of PV panels to be installed for m-Si and p-Si 
respectively. This would require around 39 hectares of land to be used for m-Si PVs 
and 42 hectares of land to be used for p-Si PVs (assuming a 40% land area utilisation 
rate). This is greater than the area of the University campus and can be construed as a 
measure of the University's energy 'footprint' 12 (Rees and Wackernagel, 1997). 
Due to the seasonal mismatch between supply of electricity from PVs and electricity 
demand it is impractical for the University to supply all its electricity from PVs as this 
would require a large amount of storage which would add substantially to costs in 
both economic and environmental terms. It is more realistic for PVs to provide a 
portion of the University's electricity demand in combination with other technologies. 
Figure 8-19 shows the inverse relationship between demand for heat at the University 
and the electricity supply from PVs on the roofs of existing buildings. 
Figure 8-19: Comparing the University Demand for Heat Over a Year with Electricity Supply 
from Photovoltaics. 
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This indicates that a biomass CHP plant at the University, as investigated by Davey 
(1995), could complement electricit-v supply from PVs as it would produce electricity 
12 The area of land the Universitv would need to use for PVs to produce as much electricity as the 
University consumes. 
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in the winter when heat demand is highest and the solar resource is at its lo%vest, and 
vice versa in the summer months. 
Despite there being no economic benefit to the Uni\ ersity under current market 
conditions of using PVs, there are significant benefits to be gained through its 
"education for sustainability" responsibilities. In addition, there are probably few 
organisations better placed than universities to gain funding for research or 
demonstration projects which can visibly demonstrate a commitment to reneNvable 
energy and sustainability principles, whilst also enhancing the learning process. There 
is therefore a solid argument that universities are ideally placed (more so than 
organisations from other sectors) to use their knowledge, expertise and experience in 
putting proposals together to seek funding for implementing integrated PV systems of 
appropriate scale onto a campus, thereby demonstrating sound environmental 
responsibility. 
8.8 Conclusions from Assessing the Potential for PVs at the 
University of Surrey. 
The potential for PVs at the University of Surrey to make a large contribution to its 
electricity needs has been clearly demonstrated. The peak shaving effect that the 
large scale use of PVs would have and the supply of suitable building surfaces 
(especially on new buildings or buildings being renovated) could enable the most cost 
effective application of PVs to be made. The problem of seasonal variation in 
electricity supply from PVs in the UK would only be a problem at very high use of 
PVs but could be overcome by imaginative energy solutions such as combining their 
13 use with C141? plants . 
If the wider benefits that Will accrue to an educational 
establishment are also taken into consideration, there is little reason why institutes in 
the F14E sector should not utilise their existing capacity to seek and secure funding to 
im-est in integrated PVs when designing or refurbishing buildings. 
The scale suggested in the results in section 8.5 above is 'idealistically radical', it 
cannot be expected of any institution to iýmore the current economic expense of PVs 
13 Although the use of CHP could significantly affect both the economic and environmental assessment 
of costs 
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for environmental performance on the scale suggested. However the UniversItN- of 
Surrey is In a good position to play a proactive rather than a reactiNe role when it 
comes to development of technologies such as PVs. It Ný'as argued in Chapter 3 that 
the PVs market is in a catch 22 situation in that costs will not become competitiVe 
until large scale markets develop, yet large scale markets will be slow to emerge until 
costs fall. Institutions such as universities therefore play a role in proN 1ding a demand 
for PVs to help the industry develop and to demonstrate the technology in an 
educational environment. 
A 'realistically practical' position to take would be to use PVs as cost effectively as 
possible by incorporating them into new building developments at the University or in 
retrofit of existing buildings when they are being renovated, deducting the costs of the 
avoided conventional building material, that would have been used, as an avoided 
cost. However, as the results in this chapter showed, even the cost of electricity from 
PV net of conventional cladding costs is still high, particularly for further and higher 
education establishments which are increasingly strapped for cash. However such 
institutions are suitably placed to get funding for demonstration projects from either 
national Government or the European Union. 
Some of the results from this chapter were included in a paper presented at the 2 nd 
World conference on Solar Photovoltaic energy conversion at Vienna in July 1998 
(Oliver et. al., 1998a). A copy of this paper was given to the Energy Manager at the 
University of Surrey for his consideration. 
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9 Sensitivity Analysis of the Viability of Photo,,, oltaics. 
9.1 The Dynamics of the Viability of Photovoltaics. 
In validating the results presented so far a large variance in data presented by different 
authors has been found. One of the main reasons for this disparitv in results is that 
they are sensitive to the assumptions made, a point which is well documented (see 
Nieuwlaar, 1997 and Alsema, 1997). Standard assumptions cannot be made about 
the PV technology as it is a rapidly changing technologgy and so results and the 
assumptions they are based on must be considered to represent a 'snap shot' of the 
technology. For example, the results presented in this thesis represent the PV 
technology for systems that have been installed in recent years and hence are a valid 
representation of current experiences in the industry. If they were representative of 
state of the art technology the assumptions would be different and so would the 
results. 
Nieuwlaar (1997) wams that studies based on data from up and running facilities are 
at best reflecting current state of the art production processes but are more than likely 
already outdated to some extent. Data for developing technologies like PV power 
systems rapidly become obsolete. Other assumptions affect how the system performs 
but are not related to the technological assumptions. For example, how the panels are 
tilted, orientated and the solar resource received at the site all affect the output from 
the system and hence its viability. 
This section therefore investigates the impacts of changing assumptions on the results 
presented in the previous chapters. This ývill enable the results to be placed in a 
temporal context to give an indication of how the viability of PVs has changed in the 
past and \vIII continue to change in the future. It will also place the results in a spatial 
context to account for the different application of PVs. The results sections of this 
chapter constitute a sensitivity analysis of the main factors affecting the viability of 
I'Vs and enable identification of some of the causes in the ýariability of the results 
prcsented by different authors. 
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Chapter 3 showed that economic cost reductions have been experienced in the PV 
industry and are expected to continue in the future. Can similar reductions in 
environmental burdens be expected? Alsema (1997) suggests that an embodied 
energy reduction of 10-20% can be expected in the next 10 years due to similar 
factors to those that will reduce economic costs. Gusdorf (1992) similarly has noted 
the considerable improvements in energy pay-back times for PVs in the last 2 
decades. Several studies in the 1970s suggested that solar energy was not cost 
effective in energy terms implying that the energy required to produce the systems 
was nearly as great or greater than the energy the systems would produce over their 
lifetimes (Georgescu-Roegen, 1979 and Mortimer, 1993). Such technologies were 
therefore dismissed by some as net energy sinks. As the previous chapter showed, 
more recent studies on energy pay-back times of crystalline silicon PV systems give 
EPTs of less than 7 years. 
It would therefore appear from this initial comparison that the large cost reductions 
experienced by the PV industry in economic terms has been accompanied by an 
equally impressive improvement in enviroranental perfon-nance. This connection 
between economic cost reductions and environmental performance improvements can 
be illustrated by performing a scenario analysis on certain key parameters. Given the 
expected dynamics in the viability of a technology such as PVs it is therefore worth 
investigating the sensitivity of the results presented so far by changing the 
assumptions made. The next few sections provide a sensitivity analysis of some of 
the most important factors relating to the costs of PVs. 
9.2 Improving Module Efficiency. 
Improving the efficiency of PV modules results in cost savings. The more efficient 
modules are, the smaller the area required to produce a given amount of electricity 
and hence the system will cost less per kWp in economic, energy and environmental 
terms. For example at 10% efficlency, only half as many modules xvill be needed to 
produce the same amount of po,. ver as modules W-Ith 50o efficiency, less materials and 
manufacturing is needed and costs per watt drop sharply. Balance of sNstcm costs 
ýN ill also fall as 1'ewer modules will need to be installed to produce a gl\, cn amount of 
electricity. 
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Figure 9-1 illustrates in economic terms the importance of efficiency as a factor when 
calculating the unit cost of electricity from BiPV cladding systems. If all other factors 
are held constant and only the module efficiency varies, the system costs follow an 
inverse (I/e) function due to the linear relationship between efficiency and power. 
The figure shows that the dependence of economic costs on efficiency is very strong, 
a finding which is supported by Nowlan et. al. (1995). It also shows that efficiency 
improvements have been an important factor in reducing the capital costs of PV 
systems, as module efficiencies have increased from a few % in the early 1970s to 
around 12-16% today. However given that module efficiencies are around 12-16% 
clearly the most notable cost reductions from module efficiency increases have taken 
place already. 
Figure 9-1: The Sensitivity of Unit Electricity Costs of Photovoltaics to Module Efficiency. 
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The fact that future increases in efficiency will be increasingly hard to achieve also 
reduces the effect that increasing efficiency will have on costs. Improvements are 
expected though- Derrick et. al. ( 1995) expect further improvements in efficiencies of 
crystalline silicon modules rising steaddy upwards to around 18% by 2005 which will 
contribute to future cost reductions in the industry. The dotted lines in the figure refer 
to the costs net of the avoided cost of a median priced conventional glass cladding 
system, as described in chapter 6. For comparison the average electricity price for 
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domestic supply in the European Union is shown by the thin red line on the graph 
(DG XVII, 1993). 
Figure 9-2 shows that improvements in module efficiency have similar effects on the 
energy payback time of m-S1 and p-S1 integrated PV facades. This indicates that 
efficiency improvements have been an important factor in reducing the energy 
payback times. Identically to economic costs, every doubling of module efficiency 
cuts the energy payback time by half as only half the area of PV system would be 
required to produce the same amount of electricity. The dotted lines refer to energy 
payback times for systems net of the avoided embodied energy of a glass cladding 
system as described in chapter 6. 
Figure 9-2: The Sensitivity of the Energy Payback Times of Photovoltaic Systems to Module 
Efficiency. 
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The ernissions associated with energy supply from PVs are also reduced with 
increases in module efficiency. Figure 9-3 shows the CO-, emissions released per TJ 
of electricity produced by PV building integrated facades. As could be expected the 
graph is very similar to Figure 9-2 above due to the connect on between energy use 
and CO-, emissions. 
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Similar graphs could be drawn for all the emissions to air and water as all emissions 
would be affected in the same proportions. For every doubling in module efficiency, 
ceteris paribus, emissions would halve. The same is true for resource use. As an 
example, this is shown in Figure 9-4 below for Bauxite resource use. 
Figure 9-3: The Sensitivity Of C02 Emissions Per TJ of Electricity Produced from PVs to 
Improvements in Module Efficiency. 
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Figure 9-4: The Effect of Changing Module Efficiency on Resource use of Bauxite. 
200 
m-SI lam facade -Net m-Si int. facade 
190 
p-SI lam facade Net p-Si mt. facade 
160 
140 
i= 120 i 
100 
80 
Z 
m 
cm 60 1 
40 
It w"q, " IF IF Ik. qp r. 
0 
6789 1011 12 1314 1516 17 18192021222324 
Module efficicncy 
312 
Chapter 9: Sensitivity Analysis of the Viability of Photovoltaics. 
9.3 Wafer Thickness and Kerf Loss 
The thickness of silicon wafers has steadily decreased over the past years. 10 years 
ago cells of 400-500 ýtm thickness were widely used, cut with 300 gm Nvire saws. 
resulting in the use of 700-800 ýtm of ingot per wafer manufactured. Recent 
developments have allowed wafers of 200-350 gm thickness to be cut Nvith 1-50 pm 
thick wire saws giving 1.5-2 times as many wafers per ingot (Phylipsen and Alsema, 
1995 and ETSU, 1996). An added effect of thinner wafers is that efficiency can be 
enhanced by the fact that electrons released are less likely to be re-absorbed by a 
thinner wafer before they cross the electric field (Phylipsen and Alsema, 1995). 
Reductions in wafer thickness and kerf loss' are often cited as an example of 
improvements in the PV technology which reduce the costs of modules (Remy and 
Durand, 1992, EPIA, 1995 and Munzer and Holdermann, 1998). The assumption 
used in this thesis so far is that wafers are typically cut at thickness of around 350 ýIrn 
with saws that are around 180 ýtm thick. This results in saw-dust losses of around 200 
ýtm of the ingot so that for each wafer sliced, around 550 ýim of ingot (silicon bar) is 
used. Obviously thinner wafers will lead to reduced costs if yields remain the same as 
less of the expensive purified silicon will be used. According to the EPIA (1995) wire 
saws can cut as thin as 100 ýtm but the successful handling of wafers this thin 
becomes more difficult. It is also suggested that below a thickness of 200 gm solar 
radiation is not completely absorbed and light trapping components would need to be 
added. 
Booth (1998) and Remy et. al. (1992) similarly claim that cells have been cut to 150 
pm thickness. Booth (1998) claims that Photowatt, a manufacturer In France, can cut 
%ýAers to 150 gm thickness but can not currently handle them this thin without 
significant losses due to breakage. They find the optimum thickness to be 200 gm 
due to a better yield of finished cells. Remy and Durand (1992) are optimistic that 
I Kerf loss is a technical temi that refers to the thickness of silicon ingot that is lost dur"Ing the wafer 
sawing process as saw dust. 
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ultimately even 100 ýirn thick wafers could be produced. However, curreiltly 
production of wafers no thinner than 300 gm is typical (EPIA, 1995). 
Munzer and Holdermann (1998) have calculated that given a wafer thickness of 
300 pirn and a kerf loss of 2004m if the wafer thickness is reduced to 250 pm wafer 
costs fall by 10% but that reducing wafer thickness to 150 pirn reduces costs by 21W, ýo. 
Similarly the EPIA (1995) found that decreasing wafer thickness by 100 pm should 
reduce wafer costs by 15% due to better use of ingots. 
Using the cost breakdown for module manufacture from Chapter 5a sensitivitv 
analysis of the unit electricity costs to the wafer thickness and kerf loss has been 
performed. The results are shown in Figure 9-5. The assumption made in the 
analysis is that the cost of the wafer manufacturing stage remains unchanged but due 
to the saving in ingot material made the costs of the processes up to the wafer 
manufacturing stage are reduced proportionally to the reduction in wafer thickness 
and kerf loss. For example if the wafer thickness and kerf loss combined falls from 
500 to 450 then costs up to (but not including) the wafer manufacturing stage will be 
cut by 10% due to a 10% reduction in the use of the silicon ingot. It is assumed that 
the process yields remain the same. 
The effect on reducing costs is not high. This is because the cost of the processes up 
to and including ingot manufacture only account for 23-33% of module costs or II- 
17% of total system costs. The sensitivity of unit electricity costs to changes in wafer 
thickness/kerf loss changes is greater for m-Si PV systems. This is because the 
processes involved in making a m-Si ingot are much more costly than for a p-Si ingot 
and hence larger sa,,,, ings are made if less of the ingot is used per wafer. 
The crossing of the graphs for p-Si and m-Si systems highlights the differences in the 
technologies. The higher energy intensive nature of the m-Si ingot means that the 
economic costs are more responsive to changes in wafer thickness, k-crf loss than for 
p-Si. At a thickness of about 550 lim for wafer and kerf loss the two technologies are 
just about identical in terms of unit electricity costs because at this wafer thickness 
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the extra energy embodied in m-Si ingots is outweighed by the superior efficiency of 
a m-Si system. At lower wafer thickness/kerf loss the balance switches in favour of 
m-Si systems. 
Figure 9-5: The Effect of Reducing Wafer Thickness and Kerf Loss on the Unit ElectricitV Cost 
from Crystalline Silicon Building Integrated Photovoltaic Facades. 
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Figure 9-6 shows that the effect of reducing wafer thickness/kerf loss has a greater 
impact in terms of reducing energy inputs than in terms of reducing economic costs. 
This is because, as was recorded in Chapters 5 and 6, the processes up to and 
including the ingot manufacturing stage account for 70-75% of the embodied energy 
of larninates and 65-70% of the energy embodied in complete systems for p-Si and m- 
Si respectively (sigificantly higher proportions than for the economic costs 
mentioned above). 
Again the m-Si technology is more responsive to changes in wafer thickness / kerf 
loss. However, because p-Si systems are less energy intensive than m-Si systems the 
lines do not cross within the range of Nvafer thicknesses considered. 
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Figure 9-6: The Effect of Reducing Wafer Thickness and Kerf Loss on the Energy Pay-back time 
of Crystalline Silicon Building Integrated Photovoltaic Facades. 
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9.4 System Output. 
The unit electricity cost from PVs in economic, energy and environmental terms is 
obviously affected by the actual output of the systems. System output in turn is 
affected by 2 important factors, the amount of solar radiation available at the site and 
the performance ratio of the system - how good it is at using this resource. 
9.4.1 Variance in the Solar Resource. 
Energy resources are not evenly distributed, coal reserves are concentrated in 
particular regions, Wind energy has a higher resource in the UK than on the continent 
and similarly solar energy is not evenly distributed across the planet. Variance in 
insolation is perhaps the most important factor in determining the output of a system. 
The amount of energy produced by a given system will obviously depend on its 
location and the insolation received there. Sick and Erge (1996) show the variation in 
the solar resource by listing various sites around the world, their latitude and the solar 
radiation typically received there in a year. These data are illustrated in Figure 9-7 by 
plotting the level of insolation of a site against its latitude. As expected, generally 
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sites closer to the equator have higher solar resources than those further from the 
equator. Weather patterns, local air quality and other factors make this relationship 
less than perfect. The UK has prevailing south-westerly winds which blow weather 
systems from the Atlantic making the UK more cloudy than many countries on a 
similar latitude. The air quality of London also no doubt reduces the solar resource 
received there compared with more rural parts of England - data from the 
Meteorological Office supports this claim (see Page and Lebens, 1986 or Met. Office, 
1980). 
Figure 9-7: The Correlation Between Site Latitude and Solar Insolation. 
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DG XVII (1993) and Green (1982) also give figures for the variance in insolation 
levels, which correspond with those presented in Figure 9-7 above. The values they 
give are shown in Table 9-1 below. This has an impact on the unit electricity costs 
associated with a PV system - for example to provide a certain amount of electricity 
will require more solar panels in a region further from the equator. 
317 
Chapter 9-. Sensitivity Analysis of the Viability of Photovoltaics. 
Table 9-1: Solar Insolation Levels in Different Part of the World 
Insolation Level 
(kWhIM2 /year) 
Countries 
800 Iceland 
900 Sweden, Finland, Norway 
1000 UK - average, Germany, Denmark, Netherlands 
1100 Southern U. K.. 
1200 Switzerland, France, Canada, Austria, 
1300 Italy, Japan, 
1400 New Zealand 
1500 Southern France, Greece 
1600 Spain, USA - average 
1700 Portugal, Turkey 
2000 Southern Spain, Australia 
2100 South West USA, 
2200 Northern Australia 
2500 Small parts of California, Chile, Peru and Niger 
(Sources: DG XV11 1993, Green 1982) 
9.4.2 Performance ratio 
To make the best use of the solar resource received at a site, PV systems have to be 
well designed, sited and installed. As described in Chapter 2 there are many factors 
other than the level of solar radiation which reduce a system's output in a given 
location. These factors included temperature, mismatch in cells and modules, 
resistance in cables, fouling of modules, angle of tilt, system availability, inverter 
efficiency and shading. Such factors can notably reduce a system's output. This is 
especially true for systems being applied to buildings which may not be optimally 
orientated to face due south or have walls and roofs tilted to face the sun. For 
example, according to Greenpeace (1995) a vertical solar facade facing due East or 
West would generate about 500 o of the output of a facade facing, due South. 
The performance ratio of the svstern on the Northumberland Buildini-, at the 
University of Northumbria in Newcastle was 610, o in 1995 (Pearsall. 1996b), This 
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means around 40% of the energy the system v, -ould have produced, had it been 
optimally orientated and tilted and operating perfectly, was lost NN-man (1998) 
similarly records performance ratios of 66-70% for a test facility in Finland. 
According to Pearsall (1996b) a performance ratio of 80% is a good level to achle\e, 
although ratios as high as 85% have been recorded for PV systems (ETSU, 1994a and 
Menna, 1996). 
9.4.3 Variance in System Output. 
The overall system output is calculated by multiplying the solar resource received bý' 
a system by the efficiency of the module and then multiplying this by the performance 
ratio. Using a performance ratio of 55% for systems with low output for their 
location and performance ratios of 85% for systems With high outputs for their 
location, Figure 9-8 shows the likely range of system outputs for given solar 
resources. It shows that system outputs can range from around 500 kWh/kWp in 
locations such as Iceland to around 2000 kWh/kWp for systems with good 
performance ratios in the sunniest locations on the planet such as parts of California. 
The range of outputs shown in Figure 9-8 is supported by actual recordings of system 
outputs from various sources as listed in Table 9-2. 
2 'Shading caused considerable losses to this systems output due to its location in a built up area ýýIth 
_, shadows on It surrounding 
buildiii-s casting 
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Figure 9-8: How the Output from Photovoltaic Systems Varies with the Solar Resource and the 
Performance Ratio. 
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Table 9-2: System Outputs for Actual Systems. 
Location kWh/kWp/year Source 
Bremen 770 Steinhardt ( 1998) 
Finland 800 Nyman ( 1998) 
Germany 805 Stellbogen ( 1998) 
Southem Gen-nany 900 Dietrich and Lopez ( 1992) 
Southem Italy/Spain 1300 Dietrich and Lopez (1992) 
Southem Callfomia 1800 Dietrich and Lopez (1992) 
, 
Desert Sites 2000 Dietrich and Lopez (1992) 
Figure 9-9 shows the sensitivity of the unit electricity costs from BiPV facades to 
differences in systern output. The blue line in the figure represents the unit electricitv 
costs of both p-SI and m-SI BiPV systems at full costs as their costs are very similar. 
Clearlv where the system is located and how well it is sited and installed affects the 
cost of electricity it can produce. The figure shows that in regions which have less 
favourable weather conditions it is important for system designers to take special care 
to site systems in order to get a reasonable output from the svstem. The dotted lines 
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show the unit electricity costs of systems net of the avoided cost of conventional glass 
cladding systems as described in chapter 6. 
Figure 9-9: The Effect of System Output on Unit Electricity Costs from Building Integrated 
1.20 
Photovoltaic Facades. 
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In a similar way to unit electricity costs, the energy payback time of integrated PV 
facades varies depending on the output of the system. Figure 9-10 shows that energy 
payback times range from 9.5 to 10.7 years for systems located in regions with around 
8OOkWh/m" insolation per year with performance ratios of 55% to 2.2 to 2.5 years for 
systems in regions with the highest solar resource (2,500 kWh/m2/year) with 
performance ratios of 85%. The figure also shows this effect for systems net of the 
embodied energy in a conventional glass cladding system. 
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Figure 9-10: The Effect of System Output on the Energy Payback Time of Building Integrated 
Photovoltaic Facades. 
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As we would expect, emissions associated with energy use show a similar trend. This 
is shown for CO-) emissions in Figure 9-11 below. Similarly for resource use, if the 
output of a systern doubles and only half as many modules are needed to produce a 
given amount of modules, resource use per TJ of electricity should halve. This is 
shown to be the case for bauxite resource use in Figure 9-12. 
-32) 2 
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Figure 9-11: The Effect of System Output on the C02 Emissions Released per TJ of Electricity 
Produced from Building Integrated Photovoltaic Facades. 
70(M 
6(XM 
50(M 
40(M 
300(X) 
20(XX) 
1 (Xxx) 
4-- 1 
5(X) 7(-X) 9(X) 1100 1300 1500 17(X) 1900 21( 
System Output in kWh/kWpyear 
Figure 9-12: The Effect of System Output on the Bauxite Resource Use per TJ of Electricity 
Produced from Building Integrated Photovoltaic Facades. 
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9.5 System Lifetime. 
Physical lifetimes in excess of 30 years are expected to be reached for PV systems. 
though there is little experience in the industry of the end of life of systems yet. The 
lifetime of modules is affected predominantly by encapsulation failure. Under 
accelerated life testing they have lasted 25 years. After this kind of time scale. the 
modules may be discoloured and untidy in appearance so aesthetics may play an 
important role in determining their lifetime. BP Solar are confident that estimates of 
25 year lifetimes are conservative as silicon itself is very stable. 
In terms of investment appraisal project lifetimes may be shorter than the physical life 
of the system. Investors in BiPV systems may want the system to pay for itself in 
much shorter time periods to avoid risks of system reliability later in its life. For 
private financing, even 10 year terms of depreciation may be difficult to obtain until 
reliability can be assured. For wind energy, the third round of the NFFO gave projects 
15 year contracts for their electricity at premium prices but according to Milborrow 
(1995c) bank loans for the projects seldom exceeded 10-12 years which kept the cost 
of electricity from wind higher than it would otherwise have been. He also claims 
that investments in gas turbines are typically given 15 years to pay for themselves 
where as nuclear generators consider the lifetime of the plant as the payback time. 
Figure 9-13 shows that the unit electricity costs of BiPV facades is very sensitive to 
the lifetime of the investment. From this figure it can be seen that it is crucial that PV 
systems are given as long as possible to pay-back the money that was invested in 
them. It also shows that extending investment lifetimes beyond 25-30 years will not 
contribute significantly to further cost reductions. The sensitivity of unit electricity 
costs to payback times is higher as payback times are shortened. Taking the full cost 
of a crystalline silicon BiPV faqade as an example, if the payback time was shortened 
from 25 to 5 years, for example, unit electricity costs (with a 8'o interest rate on 
project finance) would increase by over 1000/'0 from around 68 p)'kWh to 180 p, kWh. 
In comparison extending the life of the same sN,, stems from 25-45 years \vIll only 
reduce unit costs by around] 2% to 60 p/kWh. This is illustrated by the dark blue line 
on Figure 9-1 33 - 
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Figure 9-13: The Sensitivity of the Unit Electricity Costs of Photovoltaics to the Project Lifetime. 
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In energy terrns the energy payback time does not decrease with increased system 
lifetime because system output each year has not changed and so the time it takes for 
the system to replace the energy embodied in it is the same. However with longer 
lifetimes the net energy balance and energy return on investment will both increase 
with increased lifetime. Figure 9-14 shows the effect of increasing lifetime has on the 
net energy balance of BiPV facades. It shows that below lifetimes of 5-6 years BIPV 
facades are not net energy producers, this is because the lifetime is less than the 
energy payback time of the system. 
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Figure 9-14: The Sensitivity of the Net energy Balance of Building Integrated Photovoltaics 
Facades to the Project Lifetime. 
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The emissions and resource use associated with the production of ITJ of electricity 
from BiPV facades will obviously decrease with increased system lifetimes. With a 
system lifetime of 25 years, for example, it would take around a 13.1 kWp system 
(with an output of 850 kWh/kWp/year) to produce I TJ of electricity over it's 
3 lifetime 
. 
With a lifetime of only 5 years it would take around a 65.4 kWp system to 
produce ITJ of electriCItY4. If the system could last 45 years producing the same 
annual output it would only need to be 7.3 kWp in size to produce I TJ of electricity 
over its lifetime 5. This relationship between system size and lifetime required to 
produce ITJ of electricity means that the emissions and resource use data per TJ of 
electricity produced will also follow a non-linear pattern. This is shown for CO-) 
ernissions and bauxite resource use in Figure 9-15 and 9-16 below. 
3 Given that I TJ = 277,778 kWh (to the nearest kWh), as system producing 850 kvlvkWp per year for 
25 years would need to be 1 3.1 kWp in size(850*25)* 13.1 2783 75k'A, h. 
4 According to the following calculatiom 277778/(850*-S) 65.36. 
5 According to the following calculatiom 277778/(850*45) = 7.26. 
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Figure 9-15: The Sensitivity Of C02 Emissions per TJ of Electricity Produced from Building 
Integrated Photovoltaic Facades to System Lifetime. 
200000 ni-Si --- Net ni-St 
P-SI Net p-Si 
180000 
160000 
140000 + 
120000 
100000 
CA 80000 
60000 -Nv 
40000 
20000 
5 10 15 20 25 30 35 40 45 
System Lifetime in years 
Figure 9-16: The Sensitivity of Bauxite resource Use per TJ of Electricity Produced from 
Building Integrated Photovoltaic Facades to System Lifetime. 
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Modules typically come with warranties of around 10 years according to Carlson 
(1992) and hence the failure of a module after this time must be considered plausible. 
It is however more likely for a system lifetime to be short for economic reasons, to 
pay back a loan for example, and that the output of the system after this required 
payback time will still be used but be considered to be free. It is crucial that projects 
are given long enough to pay back their costs, i. e. 25-30 years but it is clear that 
significant future unit cost reductions will not come from increasing the operating lifle 
of PV systems above this level. 
9.6 Interest Rate 
As illustrated above, PV systems are capital intensive 6. As a result, the choice of 
interest/discount rate has a strong influence on the unit energy cost. This is because 
the up front costs of the PV technology make it more sensitive to the discount rate 
than conventional energy conversion technologies whose use of highly ener(. ýý 
intensive sources, (e. g. fossil fuels) gives them lower capital costs per unit of power 
produced but higher running/fuel costs. High discount rates favour fuel intensive 
technologies such as gas turbines, which have high running costs, over capital 
intensive ones such as PV which will be relatively more attractive with lower 
discount rates. 
9.6.1 Accounting for the Interest Rate. 
If photovoltaics are to be considered for commercial investment on a large scale, then 
interest/discount rates will have to be taken into consideration. Figure 9-17 shows the 
sensitivity of PV systems to the interest rate. Clearly, with capital costs at their 
current high levels, PV systems are very sensitive to the interest rate. 
Calculating the unit cost with no interest rate vields a much lower unit cost, under 
50p, kWh but for commercial project appraisal, investors who are theoretically buving 
their electricitv in advance would want some compensation for having to spend this 
money now. At full costs (\\Ith no avoided cladding costs deducted) and with no 
" Due to the diffuse nature of the solar energy resource renewable technologies have a high conversion 
cost and the fact that it is a new technolow - adds to this. 
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interest rate, unit electricity costs of a BiPV cladding system in a central to northern 
European location are currently around 30p/kWh', at an 8% discount rate they are 
around 70p/kWh and at a 15% interest rate they are 115p/ kWh. This is illustrated 
graphically in Figure 9-17. 
The figure illustrates that gaining cheap finance will be of crucial importance to the 
early development of PV. Ensuring reliability and durability may enable projects to 
be financed more cheaply, otherwise action will have to be taken to make finances 
cheap for PVs. Schemes setting up low interest funds for photovoltaics will help to 
reduce costs to investors. 
Figure 9-17: The Sensitivity of Unit Electricity Costs of Building Integrated Photovoltaic Systems 
to the Interest Rate. 
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With lower interest rates, the sensitivity of unit costs to project lifetime are increased 
but as the interest rate increases, the benefits of increased lifetime are counter- 
balanced bv the extra interest payments that would have to be made indicating that 
7 Hence the Newcastle building has unit electncitv costs officially quoted as 42p/kWh, the project was 
grant financed and therefore has no interest rate to consider. 
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interest rates will increase in importance if payback times increase. This relationship 
between the effects of the interest rate and project lifetime are shown in Figure 9-18. 
Figure 9-18: The Sensitivity of Unit Electricity Costs from Photovoltaics to Investment Lifetime 
at Different Interest Rates. 
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9.7 Economics of Scale. 
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There are available in most industries 'economies of scale' so that, when producing a 
greater quantity of a product or service, average unit costs are reduced (Pass and 
Lowes, 1993). Economies of scale are believed by many to be an important factor in 
reducing the costs of PVs. Such economies can be achieved in a number of ways. 
Firstly, the processes described in Chapter 2 are essentially batch processes even 
though for many of the stages of production the machines could produce continually. 
The slower processes hold up the quicker ones. If production increases significantly, 
more machinery could be operated on a continuous basis rather than in batches, or 
batch sizes and plant shifts could increase. Costs would fall due to higher utilisation 
of capital. As we saw in Chapter 5 x-S1 (both p-S1 and m-Si) PVs are capital intensive 
products. 
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Superior techniques or organisation of production may be possible at larger scales of 
production. Economies of scale would also allow robotics to be incorporated into 
some of the processes that are currently labour intensive. A key element of economies 
of scale is automation of production. For PVs this could reduce the labour intensiý'e 
nature of processing cells and putting the modules together. As illustrated in Chapter 
5 the labour costs at these stages of production add significantly to costs (Edelson, 
1992). 
In most industries, set up and operating costs increase less rapidly than capacItN") 
hence there are economies of increased dimension (Pass and Lowes, 1993). The 
building of larger more cost effective production plants as the PV market grows will 
allow firms to take advantage of economies of scale. Hoagland (1995) cites an 
example of this, a project in the Nevada desert where Enron Corporation and Amoco 
Corporation intend to build a 100 MWp solar plant. The author claims the plant Is 
anticipated to be able to supply electricity cheaper than electricity from coal, oil or 
gas! Alternatively, increased ingot size leads to increased production yield as less of 
the periphery is lost and material loss is reduced helping to reduce the high material 
costs 
At a larger scale of production there will be more scope for using specialist labour 
and capital equipment In the industry, there are potential economies of specialisation. 
Microchip electronics companies could make the wafers and module manufacturers 
do the rest. Companies specialising in the production of Solar Grade Silicon are 
anticipated to emerge once the industry grows large enough to warrant such 
speciallsation. Alternatively there may be economies of integration - large scale 
manufacturing facilities could be built with solar grade silicon production and float 
glass factories integrated xN, ith module manufacturing on one site (Remy and Durand, 
1992). Researchers at Photon Energy have proposed placing PV facilities at the end of 
glass manufacturing lines, reducing the cost of glass substrate (obtaining it 
direct]% 
from manufacture may cut costs) a process that would be more \Iable at high 
production volumes. Such integration could cut transport costs. 
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Economies of scale also leads to savings in materials costs. There are often cost 
advantages of buying larger quantities from suppliers. Additionally with larger plants 
there is wider scope for improved material utilisation and the recN, clln(-, of Nvaste 
materials which are both more practical at greater production volumes. 
Other economies would include marketing economies as larger companies could take 
advantage of mass media and financial economies due to the ability of lar, ()er firms 
being able to raise capital at more advantageous terms. These economies would be 
considered for their economic advantages but many of them are also likely to haNc 
benefits in terms of reduced environmental burdens associated with PV. 
The growth that has occurred in the industry has enabled some exploitation of 
economies of scale but the full extent of such economies has still not been realised 
according to many authors (for example see Kelly, 1993, Bruton et. al., 1997, 
Edelson, 1992 and Nowlan et. al., 1995). Most of these authors quote possible cost 
reductions that could be expected from increased scale in the industry. For example 
Bruton et. al. (1997) claim that, while plants are currently expanding to the 10 MWp 
per year scale, longer term objectives of companies in the industry are to produce at 
scales of I 00s of MWp. They claim that costs are expected to fall substantially when 
this happens. Both the European Photovoltaics Industry Association8 and the 
American Solar Energy Association9 claim that costs will fall significantly by scaling 
the industry up to mass production. Baumann (1997) similarly claims that energy use 
and associated emissions are still high partly due to small scale production of one-off 
pilot or demonstration schemes. 
Nowlan et. al. (1995) carried out a detailed prospective cost analysis of manufacturing 
costs up to the 10 MWp per year level. The results are shown in Figure 9-19. 
8 It is projected that costs of photovoltaic cladding in large scale production in a European market of 10- 
20 MWp per year should be of the order of f400-5 OO/M2 for the whole system. almost half current 
costs. 
9 The American Solar Energy Industry Association maintain that scaling up to mass production ýkould 
allo\ý costs to be cut by 20'ý over-night (See Edelson, 1992). 
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Figure 9-19: How Module Costs are Expected to fall with increased Factory Capacity. 
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It shows that large cost reductions can be made from increasing production capacity 
of PV module factories, although the most impressive cost reductions from scaling up 
production may have already been made (production levels in this study are assumed 
to be between 2 and 5 MWp per annum). Although the industry focuses on the 
economic advantage of economies of scale, these sarne economies are also likely to 
lead to improved environmental perfon-nances too, for example recycling of materials 
becomes much more feasible at high production rates. 
9.8 Design for the Environment. 
So far the parameters considered have focused on factors introduced mainly to reduce 
economic costs but which also happen to have an effect on reducing the 
environmental costs of PVs. This section considers possible efforts specifically made 
to reduce the environmental cost of PVs in an attempt to improve their viability. 
Jackson (1997) describes desi&ming products to reduce their environmental impacts as 
including measures more than just recycling, 'designing products or services f6r re- 
use, repair, re-condi . 11 . oni . ng anti upgrading all have a critical rolc Io p/aY In anY 
environmental sfraleU'. 
It is well known that the electrical conversion of I PV cells drops as the temperature of 
the cell increases. Unfortunately, modules heat up when exposed to sunlight due to 
the photon energy from the radiation that is not converted into electricity being 
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absorbed by the modules. This results in energy buildin-gy up as heat. Heat -Leneration 
within the PV modules has therefore been considered as a problem and the 
incorporation of ventilated gaps behind the panels has become a common design 
feature to help air circulating behind the modules to cool them. 
It is being increasingly recognised that if this waste heat could be harnessed the 
efficiency of PV systems use of solar radiation could be enhanced (McNells. 1996, 
IEA, 1998 and Brown, 1998). For building integrated systems, if the heat can be used 
for space or water heating within the building overall efficiencies (electrical and 
thermal combined) are estimated to be around 30-40% with efficiencies of 700 o being 
theoretically achievable (IEA, 1998). 
A few demonstration projects have already used this concept, these include the 
Mataro Library in Spain which has a 53 kWp ventilated faýade system with heat 
recovery. Heat is collected and used in winter for heating purposes (McNelis, 1996). 
Ove Arup and Partners are researching what they consider to be a 'more holistic 
application (? f]-'V. /acades' involving the use of excess heat for redistribution through 
the building or to assist the convection 'buoyancy' effects of heated air in naturally 
ventilated buildings. An application of this was the BP Showcase Pavilion which is a 
temporary demonstration construction. The south facing wall of this building is 
curved to optimise absorption of solar energy and maintain a near constant electrical 
output whilst also shading the east and west vertical walls to protect them against 
excessive solar gain. The heat from panels is blown down ducts from where it can be 
used to heat the building when necessary (Brown, 1998). 
Recycling of modules is increasingly being discussed and is believed to become 
viable once volumes of returning modules grow to sufficient levels (see \A"abach, 
1998 and Kato et al., 1998). Wabach (1998) claims that crystalline silicon \\afers can 
be recovered from modules without any degradation effects selectively burning a\ýay 
the sealing materials that are used to encapsulate the modules. The ma. lor 
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components of glass and aluminium frames can also be successfully removed and 
recycled. 
Energy conservation policy and reduction of material use could also be targeted by 
the PV Industry according to Brummelen and NleuxN-laar (1994). They cite many 
areas in which the environmental costs of PVs could be improved. These include 
higher process yieldslo, lower metal coverage in contact formation", reduction of 
12 contouring and wafer losses and in the reduction of process energy requirements 
When projecting data forwards assumptions are needed not only for future PV power 
systems but also for the rest of the energy supply system and for the materials supply 
industry (Nieuwlaar, 1997). For example the use of float glass and aluminium adds 
significantly to environmental impacts of PVs. The extent to which these industries 
become cleaner will also have an impact on the environmental burdens associated 
with PVs. 
9.9 Summary of Sensitivity Analysis. 
So far this chapter has considered factors that affect the environmental and economic 
costs of PVs in isolation of other factors. This section considers the overall effect of 
changes in the parameters discussed above. 
9.9.1 Cost Reductions Due to Technological Advance. 
The idea of experience curves was described in chapter 3. For photovoltaics an 
experience curve of around 80% has been experienced which means that every time 
the cumulative output of the industry has doubled economic costs have fallen by 20'0. 
This chapter has illustrated some of the technological factors that have contributed to 
this learning curve experience. These factors include improved module efficiency, 
reduced wafer thickness and kerf loss and economies of scale in production. These 
same factors, and others, Will continue to have this effect on reducing economic costs. 
10 I-or high punty silicon production, casting, portioning and matefial productloný 
11 Or the avoidance of rare or toxic matenals, for example silver doesn't have to be used for the cell 
contacts 
,y efficient operation of equi 
12 For example via the introduction of new equipment and energ I ipment 
(Phylipsen and Alsema. 1995). 
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-1 Using a leaming curve coefficient of 80%" and the total system costs and subsequent 
unit electricity cost calculations for m-Si and p-Si integrated PV facades presented in 
Chapter 6, Figure 9-20 below shows the likely cost reductions of electricitv from PVs 
for PV market growth rates of 5% 21% and 40%. What this figure shows is that if the 
PV market continues to grow at 21% as it has done in the last 2 decades, electricity 
from BiPV systems at full cost should cost around 10 p/kWh by 2030 in central to 
northern European locations. These calculations compare with those of ETSU 
(1994a) who expect costs to fall by 75% between 1990 and 2030. If the low groN'Vlh 
rates of the early 1990s return then cost reduction could be substantially less and vice 
versa for higher growth rates. In reality the cost reductions are likely to be less 
smooth but lie somewhere between the highest and lowest lines shown in Figure 9-20. 
Figure 9-20: Predictions of Unit Electricity Cost Reductions for Photovoltaics Under Different 
Growth Rate Assumptions for the Industry. 
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Figure 9-21 shows cost reductions for electricity from BiPV cladding systems with the 
costs of a median priced conventional glass cladding system deducted as an avoided 
cost. The effect this has is to make the cost reductions much sharper as the savings in 
the industry remain the same but the avoided cost is also assumed to stay the same. 
13 ie. for every doubling in cumulative output ftorn the industry costs fall by 201 
3 -3) 6 
Chapter 9: Sensitivity Analvsis of the Viability of Photovoltaics. 
It shows that if the industry grows at 21% and costs fall as predicted then PVs will be 
competitive with median priced glass cladding systems by around 2004-2006. If the 
industry continues to grow at 40% per annum as it did in 1997 this date of 
competitiveness would be brought forward to around 2000-2002. Conversely if the 
low growth rates of the early 1990s return and the industry grows by an average of 5% 
per year such competitiveness will not be reached until 2012-2017. 
This figure should be treated with caution as the avoided cost of cladding systems is 
also likely to fall. This is due to developments in the building industry but also due to 
the fact that some of the unit electricity cost reductions for PVs will be the result of 
improvements in efficiency of the systems. This means that smaller PV systems will 
be needed to provide the same amount of power and therefore the avoided costs per 
kWp will also be reduced. 
Figure 9-21: Predictions of Unit Electricity Cost Reductions for Photovoltaics Under Different 
Growth Rate Assumptions for the Industry and Accounting for Avoided Cladding Costs. 
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The previous sections of this chapter have shown that environmental costs are also 
reduced by many of the factors that have helped to reduce economic costs. They 
showed that similar improvements in environmental costs can be expected for PVs as 
are expected for economic costs. Figure 9-22 shows the result of applying an 80% 
experience curve to the energy analysis results presented in Chapter 6. This has been 
applied to growth rates in the industry of 5,21 and 40%. The figure shows that if the 
PV market continues to grow at 21% per annurn as it has done in the last 2 decades 
and if the embodied energy follows an 80% experience curve, the energy payback 
times of PV systems should fall from 5.5 and 6.3 years in 1995 for p-Si and m-Si 
systems respectively to 0.7 and 0.8 years in 2030. An annual growth rate of 40% 
would lead to energy payback times of less than 0.2 years (<2.4 months) by 1030 for 
both technologies. On the other hand a return to a slow growth rate of 5% per annurn 
would result in energy payback times of 2-2.3 years by 2030. 
Figure 9-22: Predictions of Energy Pay-back Time Reductions for BiPV Cladding Systems Under 
Different Growth Rate Assumptions for the Industry. 
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Figure 9-23 shows energy payback time reductions for BiPV cladding systems with 
the embodied energy of a conventional glass cladding system deducted as an avoided 
burden. The effect this has is to make the reductions in energy payback times much 
sharper as the savings in the industry remain the same but the avoided burden is also 
assumed to stay the same. 
Figure 9-23: Predictions of Energy Pay-back Time Reductions for BiPV Cladding Systems Net of 
Conventional Cladding Systems and Under Different Growth Rate Assumptions for the Industry. 
6 ni-Si 5% growth p-SI 5% growth 
m-S121%growth -- -p-S12l%growth 
m-Sl 40% growth -- -p-S14OO/o growth, 
5 
4 
ý5 
I 
k%% 
lk % 
0 ý-- 
1995 
die- 
2000 2005 2010 2015 2020 2025 203 
Figures 9-24 and 9-25 show similar graphs forC02 emissions to illustrate that the 
same trend could be expected of emissions to air and water. This argument that 
environmental costs is likely to follow a similar trend to economic costs is supported 
by the analysis presented in the earlier sections of this chapter. 
3 331 9 
Chapter 9- Sensitivity Analysis of the Viability of Photovoltaics. 
Figure 9-24: Predictions Of C02 Emissions Reductions for BiPV Cladding Systems Under 
Different Growth Rate Assumptions for the Industry. 
0.16 
0.15 nl-Sl 5% grovAh p-Sl 5% grovAh 
0.14 
-m-S121%growth -- -p-S'21%grovAh 
ým-Si400/o growth -- -p-Si401/ogrovAh 
0.13 
0.12 
X 0.11 
0.1 
0.09 
0.08 
C) 
0.07 
0.06 
0.05 
0.04 1x 04 ft% 
0.03 
ft 
0.02 -: z- 
0.01 
0 
1995 2000 2005 2010 2015 2020 2025 20ýn 
Figure 9-25: Predictions Of C02 Emissions Reductions for BiPV Cladding Systems Net of 
Conventional Cladding Systems and Under Different Growth Rate Assumptions for the Industry. 
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9.9.2 Including the Effects of Non-technological Advances. 
The cost reductions (both economic and environmental) shown in the last section will 
be facilitated by improvements in the technology such as increased module efficiency. 
reduced wafer thickness and kerf loss and the effects of economies of scale. 
However, as we saw earlier in this chapter, there are other factors that affect the cost 
of electricity from PVs. These include the system output (determined by where and 
how the system is sited), the lifetime of the project and the interest/discount rate 
applied to the funds involved. This section considers the sensitivity of future cost 
reductions of electricity from PVs to changes in these non-technological assumptions. 
The large variance in output from systems located in different parts of the Nvorld and 
the subsequent large variance in unit costs of electricity from such systems has an 
impact on the timing of the competitiveness of PVs in these different regions. Figure 
14 9-26 shows the unit electricity cost reductions likely in different regions 
Figure 9-26: The Expected Cost Trend for BiPV Cladding Systems in Different Locations of the 
World. 
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Figure 9-26 also shows that as costs fall, the location of systems will become less 
important as the difference in unit electricity costs will be reduced. The similarltv in 
the unit costs of p-Si and m-Si systems means that they are not treated separatel--v in 
the graph. 
Figure 9-27 shows the results for systems net of the cost of a median priced 
conventional glass cladding. P-Si and m-Si systems are shown separately I is in thi 
graph because the higher avoided costs for p-Si systems results in such systems 
having substantially lower costs than m-Si systems. Figure 9-26 indicates that 
systems in good locations may be competitive with conventional electricity supply by 
the mid 2020s whereas systems in poor locations W-111 not. This comparison is made 
assuming that electricity prices of conventional sources remains at around 5-9p/kWh. 
Figure 9-27 in contrast shows that if median priced conventional cladding systern 
costs are deducted as avoided costs BiPV systems could be competitive in all 
locations within the next 5-10 years. 
Figure 9-27: The Expected Cost Trend for BiPV Cladding Systems in Different Locations of the 
World Net of Conventional Cladding Costs. 
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A study by Baumann, Wilshaw and Hill (1995) claims that cost competitiveness will 
be reached in Spain, Italy, Greece and Portugal by 2000-2005, S. France, Switzerland 
and Germany by 2003-2008, S. UK, N. France, N. Germany, Belgium, Netherlands 
and Luxembourg by 2005-2012 and the N. UK and Scandinavia by 2010-2)0201ý. 
As the capital costs of PVs fall the sensitivity of unit electricity costs to the 
interest/discount rate will also be reduced. This is illustrated in Figure 9-28 which 
shows the effect of interest rates as the cost of PVs follow an 80% experience curve. 
Figure 9-28: An Illustration of the Reduced Effect of Interest Rates on Unit Electricity Costs 
from Photovoltaics at Lower Capital Costs. 
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9.9.3 Scenario Analysis. 
Using an 80% experience curve and an expected market growth rate of 21% (the 
average of the last 15 years) the next few paragraphs provide a scenario analysis to 
15 Assuming a 20% world market growth, increases in production plant scale, thin film modules used 
after 2000,30 year lifetimes and PV generated power being used within the building on which the 
system is placed. 
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illustrate the sensitivity of the results to factors beyond the technical characteristics of 
the technology: 3 scenarios are considered. The assumptions for the different 
scenarios are shown in Table 9-3. 
Table 9-3: Assumptions for Scenario Analvsis. 
Assumption Case A Case B Case C 
System Output (kWh/kW 500 850 2000 
Project Lifetime (years) 10 , 25 40 
Interest/Discount Rate (%) 15 8 5 
industry Annual Growth Rate 21 21 21 
Experience Curve Coefficient 80 80 80 
Case A represents a worst case scenario with a system output of only 500 
kWh/kWp/year, a project lifetime of 10 years and a 15% discount rate on the funds 
involved. Case B represents the assumptions used in Chapters 6 and 7, representing a 
system installed in central to northern Europe. This assumes a system output of 850 
kWh/kWp/year, a 25 year project lifetime and a discount rate of 8`0. Case C 
represents a best case scenario with a system output of 2000 kWh/kWp/year (a good 
site in southern California for example), a 40 year project lifetime and a 5% discount 
rate. 
Figure 9-29 shows the expected unit electricity cost reductions for crystalline silicon 
BjPV cladding systems for the 3 scenarios over the next 30 years (given an industry 
growth rate of 21%p. a. and an 80% experience curve coefficient). The results for p- 
SI and m-Si systems are so similar that they are both represented by the same curves. 
Under the best case scenano, Case C, unit electricity costs start at only 18p/kWh in 
1995 and fall below lOp/kWh by 2006 reaching 2p/kVVh by 2030. In stark contrast 
under the worst case scenario, Case A, costs are f2.46/kWh in 1995 falling to 'I I 
I ion of this p/kWh in 2030. Under the assumptions made in the analysis sect 
dissertation, Case B, costs are 68 p/kWh in 1995 falling to 8 p, kWh in 2030. 
Figure 9-30 shows the expected unit electricity costs for crystalline silicon BIPV 
cladding systems xvith the cost of a median priced glass claddin-(, svstem deducted as 
an avoided cost. The dotted lines show costs for p-Si systems and the solid lines m-Si 
systems. This time under the best case scenario (Case C) unit electricity costs are 
tound to be 7-8 p, kWh in 1995 for p-S, and m-Si systems respectiNcly falling to 
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I p/kWh in 2030 for both technologies. Again in stark contrast, under the worst case 
scenario, Case A, unit electricity costs were found to be 97-116 p,, k-Wh in 1995 for p- 
SI and m-Sj systems respectively falling to 12 and 14 pikWh in 2030. Under Case B 
assumptions unit electricity costs were found to be 27 and 32 p/kWh in 1995 for p-Si 
and m-SI respectively falling to 3 and 4 p/kWh respectively in 2030. 
Figure 9-29: Scenario Analysis of Unit Electricity Cost Reductions from BiPV Cladding Systems. 
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Figure 9-30: Scenario Analysis of Unit Electricity Cost Reductions from BiPV Cladding Systems 
Net of the Cost of a Conventional Cladding Systern. 
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What both these figures show is that assessment of the viability of PVs is largely 
dependent on the assumptions made, not only about the technology but also about 
other non-technical factors such as those described above. 
9.9.4 Scenario Analysis of Environmental Costs. 
As has been shown throughout this chapter, the factors that affect the unit electricity 
costs in economic terms also affect costs in environmental terms too. This section 
therefore provides a scenario analysis identical to that in the previous section but 
compares environmental costs under the assumption that environmental costs will 
follow similar cost trend to economic costs. This will demonstrate the likely 
improvements that will occur in the environmental performance of PV systems. 
Using the same three case scenarios Figure 9-31 shows how energy analysis results 
can be affected by the non-technical factors of where and how the system Is sited and 
the length of time that the plant has to produce electricity. It also shows how 
environmental costs of PVs will fall if they follow the same cost trend as economic 
costs (an 80% experience curve and a continued industry annual growth rate of 21 %). 
Figure 9-31: Scenario Analysis of the Energy Return on Investment of Electricity Supply from 
BiPV Cladding Systems. 
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The figure shows that EROI can range from I (Case A) to 15-17 (Case C). This 
means In poor locations with short lifetimes systems would only produce a similar 
amount of energy as is embodied in them. In stark contrast, in good locations Nvith 
long lifetimes systems can be significant net energy I . producers. 
Figure 9-3 1 also 
shows that if the predicted economic cost trends are also experienced with energy 
costs that EROI will increase (most notably in good locations with long system life 
times). 
Figure 9-32 shows a similar effect for emissions to air and water using the example of 
C02 emissions. It shows that for 1995 technology the non-technical factors of where 
and how the system is sited and the life time of the system affect the emissions per 
unit of energy produced by the system. For a system in a poor location with a short 
lifetime (Case A), C02 emissions per unit of electricity supplied (499-573 g/k-Wh) are 
similar to those of conventional energy mixes illustrated in Chapter 7. For systems in 
a good location with long lifetimes (Case C) emissions are substantially lower (31-36 
g/kWh). Again given similar expected cost trends to economic costs, environmental 
costs in terms of emissions per unit of electricity supplied will fall significantly if the 
industry continues to grow at 21% per annum. 
Figure 9-32: Scenario Analysis of the Reductions Of C02 Emissions Associated with Electricity 
Supply from BiPV Cladding Systems. 
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9.10 Conclusions from Sensitivity Analysis. 
It is easy to see why PVs and some other renewable energy systems have Nvide ranL)-ing) 
unit electricity costs quoted. As has been illustrated different assumptions about the 
technology and the physical and economic environment in which they operate can 
have large impacts on the unit costs of the system. 
Chapter 7 indicated that PVs are currently a very expensive form of electricitv 
provision. However, this chapter reveals that this may not alxN, -avs be the case and 
provides a strong argument for the significant cost reductions to be expected In the 
industry. Sweezey and Wan (1996) maintain that the US DOE predicts that the cost 
of electricity from PVs will converge with other renewable energy sources within the 
next two decades due to factors such as those mentioned in this chapter. 
It is not hard to predict that unit electricity costs from PV systems will continue to 
converge with other sources of electricity. What is harder to predict due to the 
multiplicity of factors, not just those mentioned in this chapter, is over what time 
scale this will happen and whether they can ever be truly competitive. On these 
issues opinions are divided. 
This chapter has indicated that there is a double dividend effect. That efforts to 
reduce costs in the industry will simultaneously also improve the environmental 
performance of PVs. This provides extra incentive for policy intervention in support 
of PVs on the grounds that not only are the economic costs expected to fall but the 
environmental benefit of PVs vAll also increase as the industry grows. These benefits 
NN'l II be gained more quickly if the industry is encouraged to grow faster. 
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10 The Need for Policy Intervention - Combining Economic 
and Environmental Costs of Photovoltaics. 
This chapter explains the implications that the results presented in this dissertation 
have for policy intervention in support of PVs providing a strong argument, and 
indeed need, for such intervention. Section 10.1 sets out 2 fundamental reasons whN, 
PVs should be given policy support. In examining this need for support, section 10.2 
describes a methodology that enables environmental and economic cost 
measurements to be synthesised to enable decision-makers to incorporate both aspects 
into their responses. The method illustrated is promoted by the United Nations 
Environment Programme (UNEP, 1992 and 1994) to calculate the abatement cost of 
emissions. After identifying a need for support, section 10.3 discusses a policV 
approach of bringing environmental and economic costs together, based on 
(internalising' the external costs of energy technologies into economic cost 
calculations and considers the implications of this. Section 10.4 discusses an 
alternative policy response of subsidising the cost of PVs. Section 10.5 considers the 
implication that the privatisation of the electricity industry could have in terms of 
support for PVs. Section 10.6 provides a summary discussion of these issues and 
concludes the chapter. 
10.1 The Case for Policy Intervention for Photovoltaics. 
The arguments that can be drawn from the result presented in previous chapters in 
support of the case for policy intervention to promote PVs can be divided into 2 
sections, the trade-off argument and the double dividend argument. 
The Trade-off of Economic and Environmental Costs. 
The results from chapters 7 and 8 both showed a trade-off between environmental and 
economic costs of PVs relative to conventional sources of electricitx supply. The 
environmental costs illustrated in the life cycle inventory and ener(gy analý sis sections 
indicate strong benefits to the adoption of PVs ox-er conventional sources. Howeýer, 
the economic cost of electricity supply from PVs is much higher than conventional 
electricity supply. The environmental benefits of PVs and the fact that PVs have the 
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potential for widescale application make them a suitable technologý- to adopt in order 
to alleviate the environmental problems associated with conventional electncM, 
supply. However their current economic expense inhibits there consideration by 
energy supply companies, - consumers or other potential investors in PV systems. 
Financial support for PVs could therefore be provided on the grounds that they avoid 
the external costs of conventional electricity supply and provide an environmental IN, 
superior alternative. 
The Double Dividend of Future Directions in Photovoltaics. 
The main stimulus for development in the PV industry is to improve its cost 
competitiveness. Chapter 9 illustrated that there are many factors which are expected 
to contribute to future economic cost reduction for PVs. Remy and Durand (1992) 
similarly provide a discussion of some of the main technological advancements that 
are likely to lead to significant economic cost reductions. Chapter 9 also 
demonstrated that many of the drivers for improved cost competitiveness will also 
directly or indirectly reduce the material and energy requirements of PV manufacture. 
This will increase further the environmental benefits of using the technology and 
improve its viability on environmental as well as economic grounds. 
Thus there is a 'double dividend' effect, that the efforts of the PV industry to reduce 
economic costs are likely to make the environmental argument for using PVs e-ven 
stronger. Baumann (1994 and 1997) and Alsema (1996) recognise this effect 
claiming that improvements in the technology to cut economic costs will result in 
considerable reductions in material and energy requirements and corresponding 
environmental impacts associated with their production. 'Due to thinner walers, new 
processcs, batch sCe increase, increased utilisation of equipment and modernisation 
oj proccsses, there are good prospects. for reduction oj'enerSD) requirements ... - this 
can happoi largely by ýv(jj, of technoloKq, improvements which are 11kcly to he 
I. ntroclucctifi)r cost rcthictionpurposes'(Alserna, 1996). This again provides a strong 
argument for policy intervention in support of PVs today. Such support would be 
provided on the basis that it is important that technologies that will be %iable in the 
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future are supported today so that their development can be accelerated bringing 
forward the date at which they are competitive. 
Illustrating the Argument for Policy Intervention. 
Figures 10-1 and 10-2 illustrate the arguments for policy intervention in support of 
PVs described above. Using data from chapters 7 and 9, Figure 10-1 shows the 
current relative expense of BiPVs compared with conventional electricity supply. It 
also shows how costs are expected to fall if the industry continues to grow at an 
average of 21% per annurn and costs continue to fall with an experience curve factor 
of 80%. It shows that BiPV cladding systems are likely to become competitive with 
conventional electricity supply at least by the late 2020s. If the cost of conventional 
glass cladding systems can be deducted as an avoided cost, illustrated by the dotted 
lines on the figure then competitiveness will be reached much sooner, within the next 
decade. 
Figure 10-1: The Future of Cost Competitiveness for Photovoltaics. 
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Figure 10-2 shows the environmental benefit of PVs over the average European 
conventional electricity supply. As illustrated in chapter 9 the environmental 
burdens, especially those associated with energy use, are l1kely to fall In a similar way 
to economic costs. Figure 10-2 shows how CO-) emissions associated with electricitN, 
supplied from BiPV cladding systems could fall if emissions follow a similar trend to 
economic costs. This is compared to electricity supply from the 1990 average 
European electricity mix. The dotted lines show the effect of deducting the emissions 
associated with a conventional glass cladding system. 
Figure 10-2: How the Carbon Dioxide Emissions Associated with Crystalline Silicon Building 
Integrated Photovoltaic Cladding Systems Could Change Over Time Relative to the 1990 
Average European Electricity Mix 
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These two figures help to provide a strong argument for policy intervention in support 
of PVs in that whilst the environmental benefits are likely to increase the cost of PVs 
is likely to fall dramatically. It is a case of supporting a technology that Will be 
competitive in economic terms in the future but which can also offer environmental 
benefits now. The stronger the encouragement for the growth of the PVs market the 
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10.2 Emissions Abatement Costs. 
It is easy to demonstrate the differences in environmental and economic results. 
However for policy decision makers to decide whether to support such a technologý it 
would be beneficial if both environmental and economic considerations could be 
synthesised. One technique described in chapter 4 is the environmental burden 
abatement cost method. This section applies this methodology to the case of BIPV 
cladding systems compared with conventional electricity supply. 
10.2.1 Calculating the Cost of Carbon Dioxide Abatement from Photovoltaies 
Table 10-1 shows the calculation of the cost of CO-, abatement by using the BIPV 
cladding systems data presented in Chapter 7. It compares them with conventional 
electricity supply to the end user from the average European electricity mix, the data 
for which are also presented in Chapter 7. The first column shows data for electricity 
supply from the average European mix. The remaining 4 columns show data for BIPV 
systems. Columns 2 and 3 show data for a m-Si system at total costs and NvIth the 
costs of a conventional glass cladding system deducted as an avoided cost (Net m-Si). 
The last 2 columns shows similar data but for a p-Si PV cladding system. 
The first row of data in the table shows the unit cost of electricity delivered in p/kWh. 
The second row shows theC02 emissions associated with electricity supply. The 
third row shows the marginal cost of supplying electricity from the PV systems by 
deducting the cost of conventional electricity supply from the total costs in row 1. 
The fourth row shows the emissions savings from using PVs instead of the average 
European mix by deducting the emissions associated with the supply of electricitv 
from PV systems from the emissions from the supply of electricity from conventional 
European electricity supply in row 2. 
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Table 10-1: Calculating Carbon Dioxide Abatement Costs by Vsing Building Integrated 
Photovoltaics. 
LI nit Av. Euro. Mix m-Si Netm-Si P-Sl \et p-Si 
Cost p/kWh 9.1 68.1 , 
. 32.1 67.9 -18.8 
IC02Emissions in kg/kWh 0.554 0.135 0.116 0.118 0.096 
Incremental Cost p/kNVh - 59.0 233.0 58.7 19.7 
Emissions savings kg/kWh - 0.419 0.4 33 8 0.436 0.458 
Cost of Emissions Savings p/kg - 141 52 13 5 41 
, 
Cost of Emissions Savings f/Tonne -1 __ 
1408, 523, 1345, 431, 
Dividing the marginal costs by the emissions savings gives the cost of emissions 
savings in p/kg in row 5 and f/Tonne in row 6. These rows show that, xvith the 
technological assumptions made in this dissertation, at full cost p-Si BiPV cladding 
systems are a more cost effective means of reducing CO-, emissions than m-Sl. If the 
cost and burdens of a conventional glass cladding system are deducted as an avoided 
burden the PV systems become more cost effective. 
It is logical to expect policy makers to pursue environmental strategy in the most cost- 
effective manner by implementing the most cost-effective means of reducing 
emissions first. Considering that many options for CO-, abatement have a negative 
cost the current cost Of C02 abatement from BiPV systems in Central to Northern 
European locations is likely to be too high at full costs. Even with the avoided costs 
of a conventional cladding system deducted the high costs of CO, abatement makes 
BiPVs unlikely, currently, to be the technology of choice for policy makers in 
greenhouse gas abatement. This is especially true in areas such as the UK where the 
solar resource is not high and technologies such as wind energy are considerably 
cheaper. Jackson (1995) found that CO, abatement measures such as fuel svvitching 
(electric heating to gas), improved appliance efficiency, combined heat and poýýer, 
energy efficient lighting, service space heating efficiency improvements and 
combined cycle gas turbines all have negative abatement costs. Some renewable 
technologies have abatement costs of less than f 20/tonne (Jackson, 1995). 
Due to the dynamic nature of both environmental and economic costs associated with 
PVs (as described in Chapter 9) CO-, abatement costs for PVs xvill not remain the 
same. Manv of the technologies such as renewables. are relativek nc\\, - and their 
costs have fallen dramatically compared to more conventlonal sources. Whilst BIPVs 
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may not be the optimal choice currently they may be in the future. As chapter 9 
showed there are many factors that will lead to cost reductions in PVs and as 
indicated in Figure 10-2 such factors are also likely to reduce the environmental 
burdens associated with them. Both these effects will help reduce the emission 
abatement costs. Figure 10-4 shows how the cost of CO, abatement could decrease 
for PVs when compared to conventional electricity supply, if the PV industrV 
continues to grow at 21% per annum and economic costs and CO--, emi I issions follow 
an 80% experience curve. No assumptions of technology advance are made for 
conventional sources as this is beyond the scope of this study. Instead the 1990 
average European electricity supply mix is used as a benchmark for comparison. The 
curves were calculated from the figures used to construct Figures 10- 1 and 10-2. 
Figure 10-3: Carbon Dioxide Abatement Cost Reductions for Building Integrated Photovoltaic 
Cladding Systems. 
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To consider whether BiPV cladding systems are a cost effective method of CO,, 
abatement the marginal cost of alternative abatement options needs to be considered. 
Unfortunately this is beyond the scope of this dissertation. If the costs and emissions 
from a conventional glass cladding system are deducted the cost effectiveness will be 
reached much sooner. Such a finding is supported by cost predictions from the 
National Renewable Energy Laboratory in the U. S. whose data from the Department 
of the Environment's Energýv Technology Programmes shows unit electricity costs 
tI rorn PVs to tall faster than other renevv, ables in the next few decades (see Swezev and 
Wan, 1996). A similar result is presented in Lehmann et. al. (1998). Given the 
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expected cost reductions in future, there is a strong case for support for PVs noNý to 
encourage quicker take-up of the technology. This would promote faster growth in 
the industry and push the industry towards the more elastic part of the demand curve 
as described in Chapter 3. It would also enable cost reductions to be reallsed more 
quickly. 
10.3 Policy Response - Internalisation of External Costs. 
One of the often cited policy responses to encourage the adoption of environmentally 
superior products and services is the internalisation of external costs (Swezey and 
Wan, 1996 and Hohmeyer, 1992). The lack of regard for the environmental 
implications of our economic activities stems from the fact that they are external to 
economic cost calculations, that is they are not included/internalised into economic 
costs and therefore decision making based on economic costs does not take account 
of them. Hohmeyer (1992) lists the following as examples of other social/extemal 
costs of energy sources that should be considered. 
Environmental damages - acid rain, global warming, ozone depletion from 
pollution due to the burning of fossil fuels. 
Impacts on Human Health, for example increases in the incidence of Asthma 
caused by the burning of fossil fuels. 
Long term costs of resource depletion. 
Structural macro-economic effects - employment effects. For example the closing 
of coal mines in certain regions of the UK has had significant effects on 
employment rates and local economies. 
Research and development subsidies - in one single year, according to Krause 
(1995), the OECD spent as much on Nuclear and fossil energy research and 
development as has been spent on photovoltaics since research began 40 years ago 
thus making genuine competition impossible. Market distorting Subsidies and Tax 
incentives have supported research and development in conventional energy 
sectors which has ensured continuitýy and competitiveness in technolo(-)\' and has 
helped to maintain dominance in markets. The US DOE and EIA ha\ e found that 
public subsidies given to fossil fuels far outweigh incentives available for 
renewables development which means that the existing subsidy structurc markedly 
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distorts the market place for energy in a direction away from renewables (Swezey 
and Wan, 1996). 
Cost of wars for ensuring security of supply. In 1989 the US department of 
defence spent $15 billion on safeguarding oil supplies and more than S-350 billion 
on the war in the Gulf (Hill et. al., 1995). This illustrates that the cost of protecting 
our fossil fuel resources has been considerable. If we allocate the total cost of 
various wars in the Persian gulf to the defence of oil then the indirect political cost 
of this oil exceeds $75 per barrel. 
9 Cost of radiation leakage - Accidents in the nuclear industry such as Chernobyl in 
1986 had very expensive costs both financial and environmental, many of which 
remain unrecorded. 
Such costs are hard to incorporate into economic valuation but this does not provide 
justification for leaving them out because society as a whole does pay for them. 
The environmental externalities of energy supply are increasingly being recognised as 
a serious issue. For example, global warming and associated climate change effects is 
one of the potential external costs of using energy. The signing of the UN Framework 
Convention on Climate Change in 1992 and the Kyoto Protocol in 1997 would seem 
to suggest that it is widely accepted that this phenomenon exists and governments are 
considering how best to halt its progress. 
Because currently these external costs are not taken into account by consumers, both 
energy consumption and therefore emissions have not been influenced by the 
environmental impacts they are causing. As Hill (1994) points out, 'h_y ignoring flicst, 
costs ofenergy generation the energysector based its resource acqui . s/ . tion deciýions 
on it#brmahon sfron& biased against technologies such as renewable s ourcc ý which 
I. mpose smaller environmental and.,; ocial costs fhan. lossil anti nuclear source, s. ' The 
low economic costs of conventional energy sources has therefore led to large 
increases in energy consumption resulting in large environmental effects, some of 
which may be threatening critical balances in our global eco-system. 
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Envjronrnental externalities are paid for either by taxation to cover costs of mitigati IIing 
the effects of environmental damage or by decreased well being (Hill, 1994). For 
example, the insurance industry has already suffered financial losses due to extreme 
weather events which are seen as the first 'fingerprints- of disruption of the climate. 
According to Greenpeace (1995) a spokesman for the UK insurers General Accident 
said that the 'huge increase in weather related losses should be attributed to lusting 
changes in weather patterns and notjust a run of bad luck'. 
This provides a case for intervention so that the environmental cost of using energy 
and materials can be internalised into the price of electricity, to persuade energy 
consumers to switch to less polluting ways of meeting their energy needs. In 1992 the 
United Nations held an Earth Summit in Rio de Janeiro. From this a framexN, -ork 
document was created called Agenda 21 which included a recommendation that.. 
'National authorities should endeavour to promote the internalisation (Y' 
environmental costs and the use of economic instruments, taking into account the 
approach ihat the polluter should in principle, bear the cost of pollution with due 
regard to the public interest. ' (United Nations, 1992, Principle 16). It also 
encouraged that 'Prices markets and governmental fiscal policies also plaY a 
complemcntary role in shaping attitudes and behaviour towards the environment. ' 
The lEA (I 996a) recommends 'Internalising external costs of energy as a waV, (? / 
compensating for the handicap that new and renewable energy sources', such as 
photovoltaics, 'have in comparison to well established and well developed 
conventional energy technologies'. Similarly Papoutsis (1998), from the European 
Commission claims that internalisation of external costs is required as the playing 
field is currently tilted against clean energy sources. 
The argument is therefore that the market failure to reflect these costs in the price 
results in a misallocation of resources in the economy (Groscurth et. al. 1998). It is 
often argued, by advocates of renewable energy, that the external benefit. ", of 
renewables relative to conventional sources of electricity far outweighs their external 
costs and hence there is a misallocation of resources in tavour of comentional 
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sources. Therefore it is not surprising that advocates of renewables would like to see 
a monetary value ultimately being placed on such external costs and benefits to allow 
the market to reflect true costs and a subsequent reallocation of resources to%Nards 
renewables. 
Renewable sources such as PVs, being less environirnentally damaging should 
therefore be rewarded for such benefits. 'The environmental benclit, ý ofrelativell- 
benign resources- such as wind and solar energy are worth more than the --cro . ýuni 
currently placed on them'(Gipe, 1995). Adopting a precautionary approach seems to 
be the appropriate response in the face of possible irreparable damage to the 
environment or at least significant economic cost in relieving serious ecological 
effects. 
10.3.1 The Theory of Internalisation of External Costs. 
The way in which social costs are treated can have a considerable effect on the 
economics of renewable energy sources such as PVs. As Hohmeyer (1992) illustrates, 
the time schedule for the market introduction and diffusion of seemingly expensive 
technologies utilising renewable energy sources will be affected by the incorporation 
of the social costs of conventional power generation sources. This theory is 
illustrated below in Figure 10-5. 
In this diagram PC, and PR represent the current expected cost curves for 
conventional and renewable energy sources respectively. The PC curve Is upward 
sloping illustrating Hohmeyer's assertion that the costs from conventional energy 
sources are expected to rise due to the effects of resource depletion and subsequent 
scarcity (supported by Lehmann et. al., 1998). The PR curve is downward sloping 
illustrating that renewables, such as PV, being relatively new energy technologies are 
likely to continue to experience cost reductions due to teaming and economy of scale 
effects as described in Chapter 9. Point B represents the point of cost 
competitiveness, where renewable energy sources can compete N-'Ith comentional 
sources, this convergence point is at price P, and time T1. NoNv suppose that the 
external costs of conN entional generation are included the PC curN c shifts upwar&,, bý 
the amount of the external costs, to PC, ). This has two effects, the price at which the 
359 
Chapter 10- The Need for Policy Intervention - Combming Economic and Environmental Costs of PhotoN oltaics, 
cost of renewables converge with conventional sources has increased and therefore 
the time taken for renewable energy costs to fall to this higher level is reduced, to T, 
The bottom half of Figure 10-4 represents the growth of the renewables market, 
similar to that for PVs shown in Figure 3-18 of chapter 3. Because renewables would 
be competitive considerably earlier the market penetration of these technologies 
would start much earlier which is a point also argued by Hill et. al. (1995). 'If thc 
external costs of'usingfossil and nuclear. fuel were internallsed, then the case. fi)r 
turning to renewable resources by early in the next centurv would be overwhel"ling. 
(Hill et. al., 1995). 
Figure 10-4: Internalising External Costs. 
Unit 
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Taking the theory from Figure 104, Figure 10-5 illustrates the possible consequences 
of internalising external costs in the context of the competitiveness of BIPV cladding 
systems in comparison to conventional electricity supply. The curve 
labelled PVJ 
represents the unit electricity cost curve for BiPV cladding systems at 
full cost. PC, 
)60 
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represents the cost of conventional electricity sources. Point A represents the point at 
which BiPVs will become competitive with conventional sources at time T, (which as 
presented in Figure 10-1 is likely to be around the late 2020s for systems applied in 
central and northern Europe). 
Figure 10-5: Internalising the External Costs of Photovoltaics and Conventional Electricit-N, 
Supply. 
Unit 
Electricity 
Cost 
PVI 
PVI 
The external costs of conventional electricity supply are equal to the vertical distance 
between PC, and PC2 so that PC-) represents the cost of conventional sources 
including the cost of environmental externalities. The point of competitiveness for 
BiPV systems moves to point B and the time at which competitiveness is reached is 
brought forward to T2- 
If the external costs of all energy sources were internalised, the environmental 
burdens of BiPV systems as described in earlier chapters would also have to be 
included. The vertical distance between PVI and PV-, represents the interriallsed cost 
of environmental burdens associated with BiPV systems. This distance is lower than 
the distance between PC, and PC., due to the lower environmental burdens for PVs. 
The vertical distance between PVI and PV, decreases to represent the reduction in the 
---------- 
A 
-------------- 
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environmental burdens associated with PVs over time due to factors descrIbed in 
Chapter 9. Thus the double dividend effect of future developments in PVs (IoNver 
economic costs and environmental burdens) both contribute to bringing forward the 
date of competitiveness of PVs. Point C is now the point at which BiPV cladding 
systems will become competitive which means that the time at which they become 
competitive is brought forward from T, to T3- 
The effect of deducting the avoided economic costs and environmental burdens of a 
conventional glass cladding system are shown in Figure 10-6. The PV cur'ý-e is moved 
vertically downwards by the amount by which the costs are reduced. The vertical 
distance between PVI and BiPVI in Figure 10-6 represents the cost reduction due to 
deduction of avoided economic costs. The vertical distance between BiPVI and 
BiPV2 represent the external environmental costs of the systems which is less than for 
PVI and PV2 because the environmental burdens of a conventional glass cladding 
system are deducted as an avoided burden. As expected with lower costs and 
burdens, the time at which such systems will become competitive is brought forward 
to TI. and T3. instead of T, and T3 respectively. 
Figure 10-6: Internalising the Net External Costs of Building Integrated Photovoltaics and 
Conventional Electricity Supply. 
Unit 
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10.3.2 Estimates of Externalities. 
In reality the effect of internalising the environmental costs of energy supply wIII 
depend to a large extent upon the value placed on the environmental burdens. 
External cost estimates of environmental effects of energy supply differ widek. due to 
divergent methods and assumptions made In different studies (Groscurth et. al. 1998). 
Without natural markets to value external cost factors and with scientific uncertainty 
surrounding their true impacts on the environment, there is no way to easily quantify 
the economic implications of environmental, energy security or socio-economic 
impacts of competing technologies. Despite this, as Hill (1994) points out 'I/ is 
absolutely certain that the least probable external cost is.: ero and Mus even order (? /' 
magnitude data are more representative than the zcro external cosi assumed in 
resource allocation al present'. 
According to Groscurth et al (1998) there have been a number of studies in the past 
15 years on the environmental externalities of energy. All studies note that their 
results contain substantial uncertainty and cannot incorporate all categories of 
externalities. Cost estimates that exist for the external cost of environmental burdens 
from energy supply range from a few pence per kWh to a few pound per kWh. At 
either level they are significant in comparison to the present cost of electricity from 
conventional sources. 
Figure 10-7 shows the external costs presented for different electricity supply 
technologies in The European Renewable Energy Study (presented in Menna. 1996). 
Using the 1990 average European electricity mix as described in Chapter 7 and the 
data presented in Figure 10-7 the external costs associated xvith the conventional 
electricity supply is in the range of I to 2.5 p kWh (using the low and high estimatcs 
for the external costs respectively). TvAdell and Bnce (1992) similarl\ claim that 
studies estimating external costs of the use of fossil fuels conservatl\el\, find values of 
about 1-31 p, 'k-Wh. A report published by the Intergovernmental Panel on Climate 
Change includes a section by Pearce et al. (1995) which found the marginal damage 
from climate change forC02 to be in the range of S5-125 tonne (f'1.20480, tonne) of 
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carbon emitted. The wide range in possible values being due to the effects of the 
assumptions made. Even at f 80/tonne, this cost is only equivalent to 4 p/k-Wh for the 
average European electricity mix. 
Figure 10-7: The European Renewable Energy Study's Estimated External Costs of Different 
Energy Technologies 
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Such costs would make little difference to the current competitiveness of BIPV 
cladding systems at full costs and would still not make them competitive even with 
the cost of conventional glass cladding system deducted as an avoided burden. 
However the benefits of greenhouse gas abatement Will not be limited to reduced 
climate change costs alone. A reduction in C02 emissions is also likely to reduce 
other environmental problems related to the combustion of fossil fuels. 
One of the policy options considered to internalise the external environmental costs of 
energy sources is carbon taxes. The European commission in 1992 proposed a 
community harmonised tax which would be levied 50% on the energy content of 
sources and 50% on the carbon content of fossil fuels (Directorate General for energy, 
1992). The tax amounted to an average of around 0.22 p/kWh in 1993 rising to 0.74 
p/kWh in 2000. When we consider the current difference in cost between PVs and 
conventional energy sources, such tax levels would not promote a significant response 
in terms of increased demand for PVs. Even at this level, lack of unanimity of 
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agreement and concern over its effects on the European communi ' iti\ eness ity s compet* ' 
led the commission to conclude that the tax directive would only enter into force if 
other OECD trading partners imposed a similar tax or measure'. According to Ends 
Daily (22/06/98) members of the European parliament have more recently called on 
the huropean commission to submit by this summer (1999) a new proposal for an 
energy related taxation model which internalises external costs for non-renewable 
energy sources. 
The implementation of measures such as carbon taxes is typically started at a very 
low level with the idea of increasing it gradually to allow industries and consumers to 
adapt to the changes with least disruption. Paradoxically PVs need the greatest 
support now while their costs are high. Figure 10-3 showed that BiPVs are currently a 
very expensive means of reducing C02 emissions, With costs in the range of 
f 1400/tonne of carbon abated. With the avoided economic costs and environmental 
burdens of conventional building materials deducted as an avoided burden abatement 
costs are still likely to be around f450-f500/tonne of carbon abated. This is well 
above the extemal cost estimates mentioned above. 
Such findings lead to the conclusion that the internalisation of external costs at the 
levels estimated and proposed, whilst sending the right signal to energy consumers, 
would not currently have significant impact on the adoption of PVs in European 
locations. What measures such as carbon taxes could provide is a revenue that could 
provide funding for promising technologies such as PVs. 
10.4 Policy Response - Subsidising the Cost of Photovoltaics. 
From the analysis above it can be seen that measures to increase the cost of 
conventional electricity to account for external costs xvill not substantially impro%c 
the competitiveness of PVs. The other option is therefore to reduce the cost of PVs 
so that thev can compete with conventional sources. The emphasis therefore 
changing frorn making conventional sources more expensjN, e to making PVs cheaper. 
Carbon taxes have been successfully implemented in Scandinavia, for example in Norv. 'av a CO-,, tax 
3 equating to an a\ era-ge of around I p/k- \Vh has been applied, according to I'nds Daily (3 1/08/98) 
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This is of course what many of the policy support programmes described in Chapter 
are doing. 
From the analysis made in this dissertation, the level of support required to make PV,,. 
competitive can be calculated and that is what this section does. It was explained in 
Chapter 7 that, if it is assumed that the electricity produced by a PV system is Nvorth 
2 9.14 p/kWh , capital costs of BiPV systems would have to be in the region of 
f 830/kWp to be competitive with conventional electricity supply. By deducting this 
from the total capital costs of BiPV systems the capital subsidy required to make 
BiPV systems competitive with conventional electricity supply can be calculated. 
The results are shown in Figure 10-8. 
The 3 thick lines in the figure show the subsidy required for BiPV systems up to the 
year 2030. It assumes that costs follow an 80% experience curve and that the industry 
continues to grow at an average of 21% per annurn. For m-Si and p-S1 BIPV cladding 
systems at full costs (x-Si on graph), the subsidy would have to be around f 53-50/kWp 
or around 86% of total capital costs at 1995 costs. By 2029 no subsidy would be 
required as capital costs from PVs will have reached the f830/kWp mark. This 
represents a very long policy commitment. 
In contrast, if the cost of a median priced glass cladding system is deducted as an 
avoided cost from the capital costs of a BiPV cladding system the subsidy required to 
make such systems competitive is greatly reduced. As shown by the dotted lines for 
m-Si and p-Si systems the subsidy would need to be around f20001kWp in 1995 
(around 301, o of total capital costs). This is a much lower subsidy than ýN'Ith no 
avoided costs taken into account. Equally as important, by 2001-2002 no subsldý 
would be needed. 
I The average domestic tariff in the EU (DGXVI L 1993) 
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Figure 10-8: The Subsidy required to Make BiPV Cladding Systems Competiti,. ýe. 
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THERMIE Saxony 
Saarland and the Netherlands Itaiv 
5500 
30 
-j 
If policy makers can encourage potential investors in PV cladding systems to pay for 
the cost of a median priced conventional cladding system and the present value of the 
electricitv the system will produce over its lifetime, such projects will not have to be 
subsidised greatly. Put another way, an investor who is prepared to pay the cost of a 
median priced conventional cladding system and the present value of the future 
electricity costs which would be avoided by having a BiPV cladding system on their 
new building would only need a subsidy of 30% to make the investment viable. 
367 
Chapter 10: The Need for Policy Intervention - Combining Economic and Environmental Costs of Photo% oltaics 
Figure 10-8 also shows that many of the capital subsid%, support programmes in 
Europe provide substantial support for PVs. The subsidy IeN els are shown by the thin 
lines. In Italy a subsidy of 75-80% of capital costs Is provided which means that bN- 
2002 BiPV cladding systems at full costs will be a viable investment for building 
I. rivestors. In Saxony (Germany) a support of f3,900/kWp means that BIPV cladding, 
systems at full cost will be viable in 2000. 
All the capital subsidies shown make BiPV cladding systems ý 'able now If the cost of 
a medium priced conventional glass cladding system is deducted as an avoided 
burden. The most efficient policies are those that provide a% of total costs rather 
than a flat rate subsidy. This is because the former will allow the actual subsidy given 
to PV system installers to fall with costs in the industry. 
10.5 Privatisation of the Electricity Industry. 
Privatisation of the electricity industry is taking place on a global scale. In the UK it 
happened in 1989. This has the implication that many of the policy decisions may be 
taken by utilities. 
Traditionally decisions have been made on the assumptions of stable fuel prices, 
declining unit capital costs, minimal environmental constraints and a strong social 
contract binding utilities, regulators and customers together. However, traditional 
supply side engineering economics is being altered by some utilities. Other criteria 
have begun to emerge although, as yet, they do not weigh heavily on traditional 
methods. 
Particularly in the United States, there is increasing recognition of dcmand side 
management and distributed generation (see Byrne et. al., 1996). Whilst attention to 
cost reductions remains high, utilities are beginning to recognise other intrinsic value, ý 
of PV systems such as the fact that they can be quickly installed, plant aNallabillit", 11ý 
generally excellent and PV is a %aluable means of demonstrating environnientalk, 
friendly credentials to an increasingly green public. 
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Integrated resource planning (IRP) methodologies are increasingly being considered 
(see Felder, 1996 and Awerbuch, 1993). IRP characterises and evaluates a broad mix 
of conventional and emerging technologies across a host of attributes such as 
environmental, socio-economic and secunty thus beginning the process of 
incorporating the full benefits and costs of renewables into utility decision Criteria. 
Thus central power stations are considered on an equal footing with demand side and 
dispersed generation options that may avoid the need to build large new poNNer plants 
- finding prosperity through lower sales? This shift in focus could open neNN 
opportunities for PV as a dispersed generating option on the demand side of the 
meter. 
Liberalised electricity markets have also provoked companies to consider innovati\e 
ways of attracting customers. Green pricing has enabled some companies to 
differentiate their produce on environmental grounds and charge consumers a 
premium for supplying electricity from renewables. This gives consumers the chance 
to choose to pay extra for their electricity in order to raise funds for utilities to be able 
to invest in renewable energy technologies such as PVs (Jackson and LUstedt, 1998)1. 
10.6 Summary Discussion and Conclusions 
This chapter has highlighted that there are options available to incorporate the trade- 
off between economic and environmental costs into energy policy decisions making. 
In terms of abatement costs, BiPV cladding systems at full costs are stfll a \Crý! 
expensive means of abatingC02 emissions. By deducting the cost of a conventional 
cladding system the abatement costs fall sharply. Given the expected future cost 
reductions and reductions in the environmental burdens associated mth PVs relatl%c 
to conventional sources the abatement costs will fall significantly, thus the case for 
BiPV cladding systems becoming a cost effective option for CO2 abatement \%III 
improve. If the costs of a conventional cladding are deducted as an avoided burden 
then BiPV cladding systems could be cost effective within the next decade. 
I However Jackson and Lofstedt (1998) also exPlain that the response to such schernes has not generally 
been as good as market research has suggested 
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The arguments for internalising the external costs of electricitY supply are stronLy. 
particularly when government's commitments to environmental improvements are 
considered. The effect that internalisation of external costs will have on improving 
the viability of BiPV systems is determined by the value placed on such externalities 
and on whether the avoided building materials are deducted as an avoided cost. Manv 
of the current estimates currently considered for environmental externalities are too 
low to make a significant difference and even if estimates increase substantially theN 
are unlikely to be imposed directly onto the cost of conventional energy sources as 
this would have wide ranging effects on existing economic structures. 
The capital subsidies currently provided by many European countries are sufficient to 
make investment in BiPV cladding systems viable. Provided an investor is prepared 
to pay the cost of a medium priced cladding system (f425/m 2) and pay the present 
value of the electricity the system will produce, the subsidies in Italy, regions of 
Germany, the Netherlands and from the THERMIE project are sufficient to cover the 
remaining costs of a system. 
Given the positive outlook for PVs in terms of future cost reductions and improved 
environmental performance, there is a strong argument for policy support for PVs. 
Ideally, this support needs to be tapered, providing the maximum support now and 
gradually phasing out as PVs become competitive in their own right. From this 
assertion it would appear that countries such as Japan, the United States and 
Gen-nany, in providing substantial support for PVs, have correctly recognised their 
future potential. As With so many other industries these countries will be sultably 
placed to take advantage of the opportunities that PVs will provide. 
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11. Conclusions and Further Work. 
The previous chapters have provided a detailed investigation into the vlability of 
BjPV cladding systems. In doing so this dissertation has contributed to the debate 
regarding how viable the wide scale adoption of BiPV cladding systems as a source of 
electricity supply is. It has also provided a methodological investigation into ho\ý 
viability can be assessed in order for decision-makers to take factors wider than 
economic costs into account. 
11.1 Context, Technology and Methodology 
Renewable energy technologies such as PVs have become an area of interest for 
governments in response to the problems that are facing the continued consuinpti . on 
of electricity from conventional sources. These problems include resource depletion 
and pollution of the environment, due mainly to the combustion of depletable 
resources. These problems are expected to get worse as enern, consumption 
increases during the next century, fuelled by factors such as population and economic 
growth. 
There are two solutions to this problem. The first is to use less energy. However, 
energy is needed in all systems, both economic and natural. The second solution is 
therefore to provide energy in a sustainable manner. That is, it should be supplied in 
a way that does not reduce the earth's capacity to continually produce it and cope 
with the products of its use. 
Renewable energy sources fall into the second category. The fluxes of renew-abic 
energy on the earth are staggering. Human energy use represents only a fracton of 
the solar radiation the earth receives. The relatively limited use of these renewable 
energy flows is based on the facts that these flows are diffuse in the en\ ironment and 
are also uncontrollable, unlike conventional fuels. Harnessing, such CrieroN, sources 
therefore tends to be capital intensive. The viability of these technologies is therefore 
of vital importance, to determine whether they can niak-e significant contribution, to 
meeting hurnan enerp- needs. 
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PVs are the technology considered in this dissertation because their viabilitv has not 
yet been widely accepted. Building integrated PV cladding systems were chosen as a 
specific case to consider as they are considered to be one of the most viable 
applications of grid connected PVs and have the potential to supply a signiflicant 
proportion of our electricity needs. They are also considered to be a market for PVs 
which will lead to the wide scale adoption of PVs for electricity supply. 
PVs are a complex technology. They are complex in the way they work which 
therefore means they are also complex to manufacture. This complexity Is 
compounded by the fact that several different PV technologies exist. This complex1tv 
was illustrated in chapter 2 which also considered the advantages and disadvantages 
of the various technologies. That chapter also revealed the technical feasibility of 
PVs by discussing the several technologies that exist and have reached or are reaching 
commercial production. 
Crystalline silicon modules were chosen as the PV technology to consider in this 
dissertation. As explained in chapter 2 this technology includes both mono- 
crystalline silicon (m-SO and poly-crystalline silicon (p-SO modules. Chapter 3 
justified the choice of crystalline silicon modules as they are the technologies that 
have been most used (particularly for grid connected systems) and are manufactured 
in the largest quantities. Chapter 3 also demonstrated the viability of BIPV systems as 
a viable market for PVs in the sense that its potential application is large and is 
expanding rapidly. 
Over 40 years since solar PV devices were first produced the technology has st] II not 
made a substantial contribution in terms of competing with conventional grid 
connected electricity supply. As chapter 3 illustrated, the PV technology has been 
applied to ever-increasing niche markets such as satellites, telecommunications, 
cathodic protection, water pumping and treatment, village power, remote houses and 
consumer products. Grid-connected PVs have been supported by oovernment 
programmes to help encourage the market growth. Most recently BiPV systems have 
been targeted for support with large capital subsidies for systems installed on 
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buildings and large targets for installed capacity (see chapter 3). Justification for the 
support of BiPVs is made on the grounds that they are the closest large-scale market 
for PVs to be viable in order to meet the electricity requirements of the industrialised 
world. If viability is achieved in this market, the large scale deployment of PVs as an 
energy technology will occur bridging the gap between small scale markets and the 
bulk power provision market. 
Assessment of the viability of BiPV systems needs to take account of the economic 
costs of such systems as it is largely on such costs that decisions are made. In 
recognition of the potential environmental benefits of BiPVs it is also important for 
some measure of the environmental benefit to be made. This will therefore give 
policy makers a balance to consider between potential environmental benefits and 
economic costs (Chapter 4). 
Data from the European Photovoltaics Industry Association on the economic costs of 
module manufacture (EPIA, 1996) combined with total system cost data from various 
other studies have enabled a detailed analysis of the economic costs of PVs in 
comparison to the costs of electricity from conventional sources. Similarly data from 
ETH Zurich and the Paul Scherrer Institute have provided a streamlined life cycle 
inventory to enable comparison of the environmental implications of electricitv 
supply from PVs and conventional electricity sources to be made (Frischknecht et. al., 
1994). These data have enabled a detailed analysis of the environmental costs of 
alternative electricity sources in terrns of both energy analysis and LCI analysis. The 
compatibility of both these forms of data were important in order for them to be 
synthesised for use by decision-makers. 
11.2 Analytic Results. 
The data sources mentioned above were used first to provide a comparison of the 
economic and environmental costs of module manufacture and also to compare the 
manufacture of p-SI and m-SI modules (Chapter 5). These results showed that P-Si 
niodules have lower costs/burdens associated with their manufacture in energy-y. 
environmental and economic terms than m-SI modules although these costs/burdens 
were comparable for both technologies. 
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The largest difference between the 2 technologies was in the ingot manufacturing 
stage. Electricity and capital costs were higher for m-Si modules in economic terrns 
at the ingot manufacturing stage and the environmental burdens of Ingot and %vafer 
manufacture dominated the energy analysis and LCI results. 
The major difference between the economic and environmental costs was that the 
economic costs of module manufacture are predominantly at the latter stages of 
module manufacture whereas the environmental costs are predominantly at the ead-N, 
stages of module manufacture. Similarly balance of system (BOS) elements of BIPV 
cladding systems add significantly to economic costs compared with environmental 
costs. This has implications on the future development of the PVs industry. If the 
industry strives to cut economic costs this may not be the most effective way of 
reducing environmental costs. 
Comparison of the costs of BiPV cladding systems with central PV plants' showed 
three advantages for the former (Chapter 6). Firstly the BOS costs in energy, 
resource, emissions and economic terms are generally less for a BiPV cladding 
system due to the fact that such systems avoid items such as fencing, access roads and 
foundations that are required for a central PV plant. For example, in energy terms, 
despite a superior output from a central PV plant 2, BiPV systems have lower energy 
payback times and higher energy returns on investment in European locations. 
Secondly, the costs of conventional cladding materials that would not be needed 
because of the use of BiPV cladding can be deducted from the cost of the BIPV 
system as an avoided burden (see Section 6.4). This can greatly reduce the cost of 
BiPV systems in economic, energy and environmental terms. 
A central PV po\,, cr plant is one in which the panels are mounted on supporting frames in a 'green 
field' location. The sole purpose of the structures are to support the panels for electncitý- production. 
2 Output from a central PV plant was assumed to be I '00kWhAWpiannum compared with 700- 1000 
kWhik-Wp/annum for BiPV systems. 
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Thirdly, by supplying electricity to the point of use, BiPV cladding systems avoid the 
costs of transmission and distribution which central power plants incur. As shown in 
Chapter 7, transmission and distribution costs increase the benefit of BIPVs in 
environmental cost terms and the economic cost of electricity with which BiPVs must 
compete. 
These 3 benefits mean that as an innovative use of PVs, BiPV cladding systems are a 
clean technology having economic and environmental benefits over central PV 
applications. 
In energy analysis terms BiPV cladding systems installed in European locations are 
viable in the sense that they produce more energy than is embodied in their 
manufacture. 
Compared with conventional electricity sources BiPV cladding systems generally 
have a superior environmental performance (Chapter 7). Exceptions to this are hydro 
electricity and, for some emission factors, nuclear power stations. For resources such 
as bauxite, silver and tin BiPV cladding systems are more resource intensive than the 
average European electricity mix but are less resource intensive for the other 
resources recorded. There are environmental benefits for BiPV cladding systems in 
comparison to the average European electricity mix in terms of emissions to air and 
water. For example, emissions of cyanide and hydrogen sulphide are the only 
emissions to air recorded that are higher for BiPVs than for the average European 
mix. 
In contrast to the environmental costs, BiPV cladding systems are much more 
expensive in economic terms than conventional electricitý, sources even \ýith the 
transmission and distribution costs added to the latter. There is therefore a trade-off 
between economic and environmental costs for BiPV cladding systems compared 
r ing S\Steilis offer with conventional electricity supplN. Whilst BiPV cladd' 
environmental improvements over conventional electricity suppIN they do so at e\tra 
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economic cost. This extra cost can be substantial]-N, reduced If the cost of 
conventional cladding systems is deducted as an avoided cost. 
Chapter 8 considered the potential for applying BiPV cladding and roof-top mounted 
PV systems on buildings at the University of Surrey. This case study used --, ite 
specific data and considered the cost of such systems to the Univers1tv. It was found 
that roof-top mounted systems had both lower unit electricitv costs and lower 
environmental burdens per unit of electricity produced when compared with a BiPV 
cladding system on the new EIHMS building. This was due to the supen . or 
performance of roof mounted systems which could be optimally tilted and orientated 
compared with a vertical cladding system which could not. However, when the 
avoided costs of a conventional alurniniurn cladding system (the choice of material 
that is currently being applied to the building) were deducted from the costs of the 
BiPV system, it had lower costs in both economic and environmental terms. This 
resulted in BiPV cladding systems being the most viable application of PVs at the 
University. The current expense of the technology would make wide-scale 
application of PVs at the University an 'Idealistically radical' proposal at present. A 
(realistically practical' position to take would be for the University to pursue grant 
funding for BiPV systems for new buildings that are built on the campus. 
Chapter 8 intimated that Universities in general are ideally placed to consider 
applying PVs to buildings on their sites. They have electricity demand profiles which 
are highest during daylight hours so that electricity from PVs would have a peak 
shaving effect. Universities also have a large demand for electricity enabling the use 
of a large amount of PVs generated electricity to be used before it would need to be 
exported to the grid. Finally the use of PVs would have wider benefits tor an 
educational establishment in raising awareness and such institutions are suitably 
positioned to gain funding for such projects. 
The results presented are very dependent on the assumptions made both about the 
technology and about the way it is applied. This Nvas demonstrated in chapter q. The 
assumptions about module efficiency, wafer thickness and K-erf loss. the ý, ý: ale ot 
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production, the solar resource at the site, the performance ratio of the system and the 
lifetime of the system all have a large impact on the cost of electricitýý from BiP', 's in 
both economic and environmental terms. Additionally the discount rate applied to the 
economic cost flows involved also has a big impact on the economic costs. 
Chapter 9 also showed that there is a double dividend effect of future developments in 
PVs in that many of these factors will help to improve the viability of pvs in the 
future in both economic cost and environmental burden terms as the technologn, 
continues to develop. If current trends continue there is expected to be a large 
reduction in the costs of PV systems, a trend that is likely to be matched by reductions 
in the associated environmental burdens. The assumed scenano about where and how 
a system is sited also greatly affects unit electricity costs. It is therefore important 
that assumptions about these factors are clearly stated. This means that the results 
presented in this dissertation are an assessment of the technology at a particular time 
and applied in a particular way in a particular location. 
Chapter 3 showed that there is substantial support for PVs in many countries 
including Austria, Germany, Italy, Japan, the Netherlands, Switzerland and the USA 
whilst in countries such as the UK there is little evidence of substantial support. The 
results of this dissertation suggest that the environmental benefits of BIPV cladding 
systems provide a strong argument for support on the grounds that it is a technology 
that can contribute to reducing the environmental impacts of electricity consumption. 
Flectricity from PVs is currently very expensive, hence PVs were not supported under 
the NFFO policy of the UK. However, the future cost trends predicted for PVs 
indicate that this response is short sited and that BiPV cladding systems will become a 
viable means of supplying electricity in the first decade of the next century if the 
avoided costs of a conventional cladding systern are taken into account. 
Intemalisation of extemal costs is theoretically a good way in which the 
environmental/economic trade-off between conventional electricity sources and PVs 
could be reconciled. In practice hoxNever, the estimates for external costs and the 
proposed levels of imposed taxes are typically too low to make a significant impact 
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on the economic cost difference that currently exists between PVs and conventional 
electricity sources. 
PVs need the greatest support now, while their costs are most expensiN e., to encourage 
wide scale adoption of the technology as early as possible. Subsidies o\er 80qo of 
capital costs are currently needed to make investment in BiPV claddini-, svstenis 
viable to investors. This required subsidy would fall to zero by around 2019 because 
BiPV cladding systems will be competitive with conventional forms of electricity 
provision by this date. If the avoided cost of a median priced conventional cladding 
system is born by the investor, the required subsidy falls to 30% of total capital costs 
and no subsidy would be required by 2001-2002. Many countries already give at least 
this 30% subsidy to support BiPV system installers and hence such schemes are 
proving very successful. 
11.3 Methodological Conclusions. 
Despite the differences in the economic, energy and resource/emissions 
methodologies used in this study, the results they gave had many characteristics in 
common: 
* The economic, energy and environmental costs of PVs are all predominantly at the 
system manufacture end of the life cycle, which is in contrast to conventional fuel 
based energy technologies which have considerable costs during the production of 
electricity. 
9 All three measures of costs were affected by the assumptions made, For examplc, 
a system located in southern California will be more viable than one in the north of 
the UK from all three perspectives. 
0 M-Si systems were more expensive than p-Si systems in economic, energy and 
environmental burden terms. 
However, a major contrast in the results is that in en\ ironmental and enei-LýN' term, ý 
PVs represent a clear improvement on conventional sources, while in econoniic terms 
thev are currently much more expensive. The costs of a IIV s\stem also currentIN 
'; 00,0 include a signi ficant amount for the balance of system costs, between "- -- of total 
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costs whereas for the energy and environmental burdens the balance of system costs is 
not as significant. 
The contrast in the results of the different methodologies provided an important 
contribution to the assessment of the viability of BIPVs. Each method had a 
contribution to make. The energy analysis results provided a physical measure of 
viability, determining if BiPV cladding systems are net energY producers. The LCI 
analysis determined the extent to which BiPV cladding systems could offer 
environmental benefits over conventional electricity sources and the economic cost 
results determined the marginal costs of the environmental benefits. 
Assessing the viability of technologies on purely economic grounds dominates current 
decision making. Given commitments towards the goal of sustainable development 
which emerged from the earth Summit in Rio in 1992 and have been built upon in 
subsequent summits, there is a need for a broader assessment of viability of 
technologies. The combination and synthesis of energy analysis, LCI analysis and 
economic analysis in this dissertation has demonstrated how this need can be met. 
The use of emission abatement cost calculations and internalisation of external cost 
methodologies proved that methods exist to synthesise the assessment of viability 
from economic and environmental perspectives. Energy analysis, life cycle inventory 
analysis and economic analysis proved to be good compliments to one another in 
assessing the viability of PVs. They provided results that were common to all 3 
methodologies and some which contrasted but combined well into frameworks for 
combining economic and environmental perspectives, providing a strong argument 
for the government support of PVs. 
11.4 Limitations and Further Work. 
The research presented in this dissertation has a number of limitations which prompt 
consideration of a range of possible avenues for further work. These limitations and 
avenues are discussed in detail below. 
Up-to-date Data. 
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As demonstrated in Chapters 2,3 &9 the PVs industry is a ven, dvnamic industry. As 
a result., data on such industries becomes out dated very quickly. This argument is 
especially relevant to this study which is based on secondary sources of data. The 
response to this limitation was to consider a sensitivity analvsis of some of the major 
parameters involved. Another limitation is that the data on the avoided costs and 
burdens of conventional cladding systems were based on a limited a\ailabilitv of 
statistical data. For example, the LCI data on building materials ývere based on 
estimates of material use supported by findings from the small amount of work done 
in this area by the Building Research Establishment. A more detailed approach would 
be to repeat the analysis using up-to-date raw data from the PV and building 
industries. Such an exercise was beyond the time constraints of this research but 
would provide a valuable insight into the dynamic nature of the viability of PVs. 
Broadening the Scope of PV Technologies Considered. 
Chapter 2 revealed a range of PV technologies that are being developed. This 
dissertation only considered standard x-Si modules and so in a sense was quite narrow 
in its consideration of the PV technology. Using this study as a baseline, other PV 
technologies should be considered using the same methodologies to consider which 
technologies may have the best potential for providing a viable source of electricity. 
Such technologies to consider include thin films such as CdTe, CIS and a-S1 but also 
consideration of multi-junction devices and concentrator modules. 
Broadening the Consideration of Costs and Benefits. 
This study considered viability assessment from economic and environmental 
perspectives. There are other costs that were omitted from consideration. For 
example, in chapter 10 a list of external costs of energy supply was considered of 
which environmental costs was just one. Consideration of these other costs ýýould 
have a significant effect on the viability of PVs and would proý-Ide a focus for further 
work. This xvould include consideration of other external costs of PVs, such a'ý the 
cost of absorbing large amounts of intermittent PV generated electricity into 
electncity supply mixes, and the other external costs of conventional sources such as 
the long term costs of resource depiction. 
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There are also other benefits of BiPVs that have not been considered in detail in this 
dissertation. For example the use of waste heat from PV modules was mentioned in 
Chapter 9. A detailed investigation into the use of this heat could greatly impro\-e the 
viability of BiPV systems. Another example is the value of BIPV systems in terms of 
good publicity for the occupier of the building on which they are placed, in terrns of 
demonstrating environmental responsibility, an attribute that has value to all 
organisation and which could affect consideration of the viability of applying such a 
technology. 
Consideration of Other Energy Technologies. 
This study compared PVs to conventional electricity sources. Ultimately a move to a 
sustainable energy supply will involve choices between different renewables and 
other new energy service provision technologies. Carrying out a similar analý, sis on 
other potential technologies would enable a comparison to be made prw, -Iding 
consideration of which technologies are most viable and how they could complement 
one another. Consideration of the future cost potential of each would also be an 
important consideration given the different stages of development of alternative 
technologies. 
Improving the Viability of PVs. 
Chapter 9 showed that costs are improving for PVs in economic and environmental 
terms, driven mainly by the desire to reduce economic costs in the industn". One of 
the main uses of LCA is to consider the potential for environmental improvements. 
Whilst this study has outlined some of the environmental problems with PVs such as 
high material and energy use and emission of certain substances, it has not considered 
in detail methods to reduce these. Such methods include recycling of modules for 
example which involves consideration of designing modules for take-back. A study 
of the potential of such measures and their effect on the results would pro\ ide a 
valuable contribution to consideration of the viability of PVs. 
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The results chapters showed that a large amount of the emissions associated Nvith PV's 
were related to the amount of energy used in manufacture. Such environmental 
burdens are therefore related to the energy sources that are assumed to be used. 
Given that PVs have a lower environmental burden than most conventional electricity 
mixes, consideration of the use of PV systems to supply the electric1tv required for 
PV system manufacture could greatly reduce environmental impacts. 
11.5 Conclusions. 
Energy analysis, life cycle inventory analysis and economic analysis hm e proN I'ded a 
valuable framework on which to assess the viability of energy technologies such as 
PVs from economic and envirom-nental perspectives. The use of emission abatement 
cost calculation and internalisation of external cost methodologies enabled the 
combination of comparative methodologies from these alternative perspectives to 
enable technology assessment. 
BJPV cladding systems in central to northern European location are viable in the 
sense that they produce substantially more energy than is embodied in manufacturing 
and installing the plant. They are also viable in terms of being a means of reducing 
the environmental burdens associated with electricity consumption as they have great 
environmental benefits over conventional sources. 
On economic grounds viability is not so convincing. BjPV cladding systems have 
very expensive unit electricity costs if taken at full costs. The argument for deducting 
the avoided cost of a conventional cladding system is a strong one which substantiallý' 
reduces costs. For example, PVs are a viable alternative on economic grounds to 
polished stone cladding systems! Deducting the cost of a median priced cladding 
system more than halves the unit electricity costs of a BiPV cladding svstem but such 
costs are still higher than conventional electricity sources. If current cost trends 
continue BiPV cladding systems will become competitive Nvith conventional gylas', ' 
cladding systems and conventional electricity supplý' within the ne\t decade 
Significant environmental benefits can also be illustrated bN accounting for the 
avoided burdens of conventional building materials. 
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The current trade-off between economic costs and environmental benefits of PVs and 
the future cost reductions expected provide a strong argument for support for PVs. 
The countries that have provided this support are also the countries that are 
developing the strongest PV industries anticipating the w1de-scale adoption of PVs 
and being ready to take advantage of it. 
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Appendix 4-1: The Streamlined Life Cycle Inventory Presented in 
this Thesis. 
Resources Unit Reason for inclusion 
Ag - Silver kg Scarcity and significant use as contacts in PV cells 
Bauxite kg Aluminium ore - significant use in PV panels 
Cu - Copper kg Significant use in wiring. 
Fe - Iron kg Significant use in structures for electricity industry etc. 
Pb - Lead kg Heavy Metal 
Sri - Tin kg Scarcity and use in electrical contacts for cells 
Zn - Zinc kg Metal - Scarcity 
Browncoal kg Energy resource 
Crude oil kg Energy resource 
Crude stone coal kg Energy resource 
Mine gas kg I Energy resource 
Natural gas m3 Energy resource 
Oil gas m3 Energy resource 
Potent. energy water Mi Energy resource 
U- Uranium kg Energy Resource 
Emissions to Air 
As - Arsenic kg From combustion of fossil fuels - Accumulative Poison 
B- Boron kg Used in nuclear process and to dope PV cells (See chapter2). 
CH4 - Methane kg Greenhouse Effect 
CN - Cyanide kg Extremely poisonous 
CO - Carbon Monoxide kg Flammable and highly toxic 
C02 - Carbon Dioxide kg Greenhouse Effect 
Cd - Cadmium kg Extremely toxic. At high levels causes brittle bones disease 'Itai- 
Itai'. At low levels of exposure over a long period it is linked to 
high blood pressure, sterility among males and kidney damage. 
H2S - Hydrogen Sulphide kg Very Poisonous 
HCI - Hydrogen Chloride kg Strong Acid 
Hg - Mercury kg Toxic trace contaminant and heavy metal. 
Minnimata Bay in Japan 
1950s - 43 people died and congenital defects in babies 
N20 - Dinitrogen Oxide kg Greenhouse Gas 
NH3 - Ammonia kg Dangerous at 
high concentrations 
NOx - Nitrogen Oxides kg Acid Rain 
PAH - Polycyclic Aromatic 
Hydrocarbons 
kg Toxic organic chemical comounds linked to a wide variety of 
human health and environmental problems - cancer, central 
nervous system disorders, birth defects. 
Pb - Lead kg Highly toxic, probable carcinogen, cause of 
brain and kidney 
damage 
SOx - Sulpher Oxides kg Contributes to 
Acid Rain and photochemical smog 
benzene - C6H6 kg VOC - 
Aromatic compound 
ethylbenzene - C6H5C2H5 
formaldehyde - Methanal - 
kg 
kg 
vOC - Aromatic compound 
ruc and a possible Causes respiratory impairment is mutage 
carcinogen. 
particles kg pie from 
fly-ash when coal is burned. Linked to Emitted for exam 
respiratory disease and asthma. 
phenol - carbolic acid kg 
Toxic to bacteria in concentrations - natural waste component 
from coal gas, coal coking and j>etoleurn industries 
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toluene - C6H5CH3 kg 
_ 
VOC - Aromatic hydrocarbon 
vinylchloride - 
Chloroethene 
kg Used in making PVC 
xylene 
--- - 
kg VOC - Aromatic hydrocarbon 
Cesium Isotopes 134&137 
1129 p- Iodine 
kBq 
kB-q 
Radioactive with long half life - of particular concern 
Radioactive - thyroid seeker 
Rn222 - Radon kBq Radioactive - most concern - human health, cancer effects Si-90 p Strontium kBq Radioactive - long Half Life - Bone seeker - particular concern Can be metabolised with calcium so that it collects in the bones 
Tc99 p Technetium kBq Radioactive - long half life - fission product of uranium U- Uranium Isotopes (234, 
235 and 238) 
kBq Radioactive 
Emissions to Water 
Ag - Silver kg Trace inorganic chemical regulated by drinking water standards. 
Very toxic - used in PV cells. 
As - Arsenic kg Trace inorganic chemical regulated by drinking water standards. 
B- Boron kg Used in nuclear process and to dope PV cells (See chapter2). 
BOD kg Biochemical Oxygen Demand - See below. 
CN - Cyanide kg Trace inorganic chemical regulated by drinking water standards. 
COD kg Chemical Oxygen Demand - See below 
Cd - Cadmium kg As for air emissions. Also trace inorganic chemical regulated by 
drinking water standards. 
C1 -Chlorine solutions kg Mutagenic effects, possible link to cancer. 
CO - Chromium kg Chromatic poisoning - skin disorders, liver damage, possibly 
carcinogenic. Trace inorganic chemical regulated by drinking 
water standards. 
Cr6 - Chromium kg As above 
Cu - Copper kg Trace inorganic chemical regulated by US EPA drinking water 
standards. Wilsons disease - copper metabolism disorder. 
H2S - Hydrosulphuric Acid kg Poisonous, acidic properties - corrosion 
Hg - Mercury kg Trace inorganic chemical regulated by US EPA drinking water 
standards. minnimata Bay - 43 people died ftom mercury 
poisoning. 
NH3 - Ammonia kg Toxic to aquatic life 
PAH - Polycyclic Aromatic 
Hydrocarbons 
k9 Released from smoke. Some are carcinogenic. 
Pb - Lead kg Trace inorganic chemical regulated by US EPA drinking water 
standards. To)dc and carcinogenic. 
VOCs as C kg Associated with the contamination of groundwater - see below. 
Benzene kg VOC - Aromatic hydrocarbon 
Ethylbenzene kg VOC - Aromatic hydrocarbon 
Formaldehyde kg Respitory ailments, mutagenic, effects 
Phenol kg As for emissions to air. 
Toluene kg VOC - Aromatic hydrocarbon 
Trichloroethylene I kg VOC - Chlorinated aliphatic hydrocarbon 
Xylene kg VOC - Aromatic Hydrocarbon 
Cesium Isotopes (134 & 
137) 
kBq Radioactive - long Half Life 
1129 - Iodine kBq Radioactive - thyroid seeker 
Pu241 - Plutonium kBq Radioactive - very toxic and 
has a long half life 
Sr9O - Strontium kBq Radioactive 
Tc99 - Technetium kBq Radioactive - often . 
cited when measuring radioactive release from 
Nuclear power stations. 
U- Uranium Isotopes 
(238,234 and 235) 1 
kBq 
- 
Radioactive - covered under drinking water standards 
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Da 
, Radioactivity - Radioactive releases are of particular concern when considering 
electricity generated from Nuclear power sources. It is widely held that even mild 
doses of radiation can have adverse health effects. It is generally felt that radiation 
created through human activities should be kept well Within the bounds of natural 
background radiation. The effects of radiation include anaernia, fatigue, loss of hair, 
cataracts, cancer, genetic defects (inheritable changes resulting from mutations in 
reproductive cells). 
Volatile Organic Compounds (VOCs) - are not a problem in surface waters because 
they are rapidly removed from water by aeration processes. In groundwater no such 
aeration takes place and concentrations can remain high. They have been regulated in 
the U. S. since their wide presence in groundwater was found. They include aromatic 
hydrocarbons, chlorinated solvents, chlorinated aliphatic hydrocarbons, chlorinated 
synthetic organic compounds. Major aromatic compounds found in groundwater are 
the water-soluble components of Gasoline, which includes benzene, toluene, 
ehtylbenzene and xylenes. VOCs are of concern on toxicity, solubility and resistance 
to biodegradation grounds. 
Biochemical Oxygen Demand (BOD) - The BOD test is widely used to determine 
the pollutional strength of domestic and industrial wastes in terms of oxygen they will 
Ic require for stabillsation if discharged into natural water courses in which aerobi 
conditions exist. It involves the measurement of oxygen consumed by living 
organisms while utilising the organic matter present in a waste under conditions as 
similar as possible to those which occur in nature. 
Chemical Oxygen Demand (COD) - is used to measure the organic strength of 
domestic and industrial wastes. In conjunction with the BOD test the COD test is 
helpful in indicating toxic conditions and the presence of biologically resistant 
in terms of the total organic substances. This test allows measurement of wastes i 
quantity of oxygen required for oxidation to CO2 and Water. It is based upon the fact 
that all organic compounds With few exceptions can be oxidised b\ the action of 
strong oxidising agents under acid conditions. COD values are usually greater than 
BOD values especially when significant amounts of biologically resistant organic 
matter is present. 
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Appendix 5-1: Primary Energy Input for Production of I kNNp of 
Crystalline Silicon Photovoltaic Modules. 
This appendix shows the energy analysis results for the production of I kWp of 
crystalline silicon modules. The energy resource use data for module manufacture Is 
based on the ETH Zurich life cycle inventory database (Frischknecht et. al., 1994). It 
has been adapted as described in Chapter 4 to make the data more representative of 
currently installed technology. It is shown for the manufacture of I kWp of m-Si and 
p-S] modules in Table i and ii respectively. This shows all the energy resources used 
to provide the energy to make the modules. The data is divided into 4 stages of 
module manufacture and also shows data for both framed modules and frameless 
laminates. 
Using energy conversion factors shown in Table iii the energy resource use figures are 
converted into primary energy equivalents. These conversion factors are taken from 
Frischknecht (1995) and DTI (1995). Table iv and v show the primary energy input in 
MJ to manufacture I kWp of m-Si and p-Si modules respectively and forrn the basis 
for the energy analysis results presented graphically in Chapter 5. 
Table i: Energy Resource Use for Manufacturing I kWp of m-Si Photovoltaic Modules. 
Energy Resource Use Unit MG silicon ingot& Wafer Cells I Module Total Module Laminate Total Lam. 
Browncoal kg 1.16E+02 5.18E+02 1.41E+02 1.34E+02 9.09E+02 1.34E+01 7 SI)E+()2 
Crude oil kg 2.76E+O 1 1.14E-R)2 2.75E+01 7,77E+01 147E+02 2.55E-R)i I 94E+02 
Crude stone coal kg 1.80E+02 4.01E+02 1.14E-H)2. 8.02E+02 2 ()- E+O I 'I '. O')Dý )- 
Miiic gas kg 1.22E+00 2.85E-+00 7.62E -0 1 8.21E-01 5.66E+00 1.58E-01 5. OOE+00 
Nitural gas m3 1.79E-+O I 1.22E+02 2.19E+O I 4.16Pý) I 2 2.03E+Oý 2.03E+01 I v, 2E+<)2 
Oil gas m3 1.34E+00 5.53E+00 1.33E+00 3.77E+00 1.20E+01 I -"4E+()O 9 45E+()O 
_Hydro 
Electi-i'city MJ 5.1 IE+02 2,17E+03 6.16E+02. 
. 
6.04E+02 4 01 E+03 
. 
1 6.02E-H)2 
_ 
4. (X)E+03 
JU - Uranium 
j kg 7.89E-03 3.52E-02 9.56E-03 1 1 9.15E-03 I 6.19E-02 1 13 371---031 5.61E-02 
Table ii: Energy Resource Use for Manufacturing 1 kNN, 'p of p-Si Photovoltaic Modules. 
Energy Resource Use Unit MG silicon Ingot & Wafer Cells Module Total Mo(Me 1-artinate Total Larm 
Brownwal k-g 1.3,2E+02 3.67E+02 1.52E+02 1,45E+02 7. ()7E+02 I 4ýE-+4)1 6 60, -02 
Crudc oi I kg 3.14E+01 8.54E+01 2.98E+D I 8.42E+01 2 31 E+02 2.76E+O 1 19 74E-14)2 
Cnide stone coal k-g I 2.05E+02 2.83E+02 1.16E+02 12, E+02 7 -17F-+02 2 24E-H) I 6-'(AE -4 1' 
Mne gas kg, 1.39EAX) 2.02E+00 8 2-SE-01 8.99E-01 _5 
12E-- X) 1,71 E-0 1 4 41 E- 
Natural ps 110 -1 2 ()'EA) I 8,45E+01 - ', 7E+01 4. 
SOE+O I 1.73E+02 2 201-+01 1 50F44)2 
Oi I gas m3 1.5 -3 
E4.00 4.1 5E+00 I 45E-+4 X) 4.09E -i x) 1. ]-'E+01 1,34E - 10 9 4'E-, 
fivdru Ficctricity Nii 5 81E+02 1.61E, 4) 6.68E -4)2 0 511--, - 03 51E ý02 I 
U- Uranium kg, I 8.97E-03 . 2.50F-02 1.04E-02 9.91 E-03 5 42F-02 36'; -F-O, 4 
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Table iii : Primary Energy Conversion Factors. 
Energy Conversion factors Unit MJ/Unit 
Browncoal kE 8.75 
Crude oil kg 44.1 
Crude stone coal kg 18.5 
Mine gas 
3 NM 37.85 
Natural gas 
3 NM 37 
Oil gas Nm 
3 42.95 
Potential Energy - water mi I 
U- Uranium lkg 455000 
(Source: Frischknecht et. al., 1995) 
Table iv: Primary Energy Use for Manufacturing I kWp of m-Si Photovoltaic Nlodules. 
Primary Energy Use Unit MG silicon Ingot & Wafer Cells Module Total Module Laminate Total Lam. 
Browncoal NU 1017 4535 1231 1171 795S 117 6901 
Crude oi I NU 1218 5019 1211 3428 10877 1124 957-33 
Crude stone coal PVU 3332 7421 1978 2104 14835 383 131 Is 
Mine gas mi 46 108 29 31 214 6 181) 
Naftral gas mi 061 4505 810 1538 7S 1-3, 752 6727 
Oi I gas mi 58 238 57 162 _5 15 53 4(X) 
Hydro Electricity mi 511 2274 616 604 4(X)O 602 4(X)4 
U- Uraruwn mJ 3591 16037 4351 4163 28143 1 :, 3 -) 25511 
Total mj 10434 40138 10284 13201 74057 4570 6-5426 
Table v: Primary Energy Use for Manufacturing I kWp of p-Si Photovoltaic Modules. 
hinlary Ewrgy Use Unit NIG silicon higot & Wafer Cells Module Total Module Laninate Total [, an 
Brmncoal MJ 1.16E+03 3.22E+03 1.33E+03 1.27E+03 6.97E+03 1.27E+02 5 83E-+ý)3 
Crude oil NU 1.38E-ý4)3 3.77E+03 1.3 1 E+03 3.7 1 E+03 1.02E+04 1.2-'E--4)3 7.68E+03 
Cnide stone coal NU 3.79E+03 5.24E+03 2.14E+03 2.28E+03 1.35E+04 41 5E+02 1.16E+(4 
Mne gas NU 5.26E+01 7.64E+01 3.12E+01 3.3 7E+O I 1.94EA2 6.49E44 
XI 1.67E. - 02 
Natural gas NU 7.5 1 E+02 3.13E+03 8.77E+02 1.67E+03 6.42E+03 8.1 5E-02 5 57E+03 
Oi I gis N/U 6.55E+01 1.78E+02 6.2 1 E+O I 1.76E+02 4 81 E +02 5.77E+O 1 3 64E -02 
atv fiydm Bxm i N/u . 
5.81E+02 
, 
1.61E+03 6.68E+02 I 6.54E+02 3 -51E-4)3 
"E+-()? 
_6.52 - 
3 51L-03, 
i- -- 
U- Uranium MU 4.08E+03 1.14E+04 4.71 F +03 4.5 1 E+03 2 47E+04 1.66E--i)', 1 2.18F-44 
Total 
j 
N4J I 1.19E+041 2.86E+04 
I 
I. IIE+04 
I 
1.43E+04 
1 
6.59E+(A 4P, 5E+03, 5.65E+04 
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Appendix 5-2: Primary Energy Use for Production of I m2 of 
Crystalline Silicon Photovoltaic Modules. 
This Appendix presents the primary energy input in MJ of the various stages of m-Si 
and p-Si module manufacture on a per m2 of module basis. The tables below show 
the same results as those presented in Table iv and Table v in Appendix5-1 except 
that they are on a per in 2 basis, converted under the assumption that I kWp of 
modules is equivalent to 7.69 M2 and 8.33 m2 for m-SI and p-Si modules respectively. 
Table vi: Primary Energy Input for Production of I M2 Of M_Si Photovoltaic Modules. 
Mmary Energ Use Unit MG silicon Ingot & Wafer Cells I Module Total Module I Laminate Total LaniL 
Browncoal NIU 1.32E+02 5.90E+02 1.60E+02 I 1.52E+02 I O, E+03 11.52E+01 8,97E+4)2 
Cmde 011 mJ 1.58E+02 6.53E+02 158E+02 4.46E-+4)2 1.4 1 E+03 1.46E+02 1.11 E+03 
Crude stone coal mJ 4.33E+02 9.65E+02 2.57E+02 2.74E+-02 1, Q' , E+03 4.98 E+O 1 1.71 E+01 
Mine gas NU 6. OIE+00 1.4 1 E+O I 3.75E+00 4.04E+00 2.79E+O I 7.71)E-0 1 2 46E+01 
Natural gas NU 8.59E+01 5.86E+02 1.05E+02 2. OOE+02 9.77E+02 9.78E+O I 8.75E+02 
Oil gas NU 7.50E+00 3.09E+M 774455 EE+000 : LO 2.11 E +0 1 6.69F4) I 6.93E+00. 28 1 -wl 
Hydro Electricity NU 6.65 E+O I 2.96E+02 8.0 1 E+O I +01 7.86E+O 1 5.2 1 E+02 7.83E+01 5.2 1 E+02 
- Urarmum U NU 4.67E+02 2.09E+03 
E 
5.66E+02 E+OE2 5.4 1 E+02 3.66E+03 1.99E+02 . 3,321 +03 
Total NU 1.36E+03 5.22E+03 I 34E+03 T1.72E+03 9.63E+03 5.94&02 851 E+03 
Table vii: Primary Energy Input for Production Of I M2 Of P_Si Photovoltaic Modules. 
Printaq Eneqy Use UWt NIG silicon Ingot & Wafej- Cells Module Total Module LuiiiiMe Total Lant 
Brovvricoal NU 1.39E+02 3.86E+02 1.60E-W2 1.52E+02 8.37E+02 I 52Eýi)l 7.0UW2 
Crude oi I kv 1.66E+02 4.52E+02 1.58E+(r- 4.40E+02 1.22F+03 1.46F+i)2 1) 22E-fi)2 
Crude stone coal NO 
, 
4.55E4i)2 6.29E+02 2.57E+02 2,74E+()2 1.61 E+03 j4.98E-+i)I 1.39E-+A)3 
M ne gas NO 6.3 1 E+00 9.18E+00 3.75E+00 4. (gE+(X) 2.33E+01 7.79E-0 1 :1 (X)f , ý4) I 
Natural gas NU 9. OIE+01 
_ 3.75E+02 1.05E+02 2- OOE+02 7.71 E+02 9.78E-WI 6 08E+02 
Oi I gas NIJ 7.86E+W 2.14E+01 7.45E+W 2. IIE-+i)l 5,7SE-H) I 6.1)3E-+i x) 4 37E+o I 
Hýdro Bectricity N/U 6.97E4-01 1.93E+02 8. OIE+01, 
. 
7.86E+01 
,4 
ýE+022 7 83L ý4)1 4 22E +1)2 
U- Uranium NU 4.90E+02 1.37E+03 1 5.66E+02 11 5ý 41 E+02 1 2-96E+o3 1.9I)E+(r2 2 021 -- 03 
Total NU 1.42E+03 3.43E+03 1 1.34E4i)3 11 1.72E+03 1 7.91E-H)3 115.141 .-- ')-' 6 7()E-H)-, 
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Appendix 5-3: Life Cycle Inventory of Producing I kNN'p of 
Crystalline Silicon Photovoltaic Modules. 
The following 4 pages constitute a streamlined life c\, cle inventory for the 
manufacture of I kWp of m-Si and p-Si PV modules and frameless laminates. It is 
based on the work and database by Fnschknecht et. al. (1994) from ETH Zurich. ). 
Again it has been adapted as described in Chapter 4 to make the data more 
representative of currently installed technology. The inventory is broken down Into 4 
stages of production, MG silicon, Ingot & Wafer, Cells and finally either Module or 
Laminate stages and also includes a list of the total burdens of modules and laminates. 
The inventory includes a selection of resources used and emissions released to air and 
water. The data for m-Sj modules is presented in Table vin and for p-Si modules in 
Table ix. 
Table viii: Life Cycle Inventory for Production of I kWp of m-Si Photovoltaic Modules. 
Non-Energy Resources Unit MG silicon Ingot& Wafer Cells Module Total Module Laminate Total Lam. 
Ag - Silver kg 8.20E-05 3.37E-04 2.48E+00 8.34E-05 2.48F-fý)O 4 661,4)3 2.491., too 
Bauxite kg 3.08E-0 1 2.73E+00 3 OOE-O I 1.63E+02 1 
ý671, 
'14ý)2 5.9 31ý, '+00 9.18F+00 
Cu - Copper kg 9.37E-02 3.37E-0 I 1.04E-01 6.5 7E -0 1 -I 
19E-H)o 4,76E-01 
. 
1.011., 1+00 
Fe - Iron kg I 1.91F+00 8.34F, 400 1.38E+00 3.07E+00 1.47E+01 1.2 9F 400 1.29JE+01 
Pb - Lead kg 7.69E-03 2.44E-02 7.23E-03 11.01E-02 4,95E-02 4ý35F-02 8 29E-02 
Sn - Tin kg 4.56E-05 1.86E-04 4.34E-05 1.53E-04 4ý29E-04 I 37E-01 13 71: 4)1 
Zn - Zinc kg 9.01E-05 2.23E-04 6.12E-05 1.27E-04 "E-04 5.0ý 2+961. ' -0 5 4 0-41-1-04 
Emissions to air _ 
As - Arsenic kg 2.20E-05 9.70E-05 2.48E-05 1 3.53E-05 1.79E4)4 1.711. '-, 1 1.61FI-04 
B- Boron kg 4.18E-03 1.87E-02 5.08E-03 4.81E-03 3.28E-02 4ý 70F -)A _' X1j, ', 4)2 
CH4 - Methane kg 1.44E+00 4.00E+00 9ý88E-01 L3 7E +00 7.8OE4-00 3 82k- 1 (''101 +o() 
CN - Cyanide kg 3.56E-04 1.14E-06 3.26E-08 8.57E-07 3.58F, -04 8ý 7114) 7 .; 
isl 4)_1 
CO - Carbon Monoxide kg 3.12E-0 1 4.1 IE-01 8.66E-4D2 8.14E-0 I 1+62E+00 2 541, '4)1 1 1,00 1 -H)() 
C02 - Carbon Dioxide kg 3.54E+02 1.68E+03 4ý36E+02 6.89E+02 
3.16E+03 1.53E+02 2 6214'fi)3 
Cd - Cadmium kg 8.35E-06 4.59E-05 9 53E-06 4.01E-05 1.04E-04 9 
4YF-4)6 7"" 14 _ý I; 
f12S - Hydrogen Sulphide kg 2.65E-02 2.66F-03 4.99E-04 
9.32E-04 3_06F-02 4,491-1-04 1 011ý 4)2 
HC1 - Hydrogen Chloride kg 5.87E-02 3ý70E-O I 
7+16E-02 8.52E-02 
-5 
86E4)I 1 4XF-02 S IN 14)1 
Flg - Mercury kg 1.01E-05 4.37E-05 1.19E-05 
1.17E-05 7.75E-05 1 461: -06 1 6,72F-05 
N20 - Dinkrogen Oxide kg 1.68E-02 7.48E-02 
2.03E-02 2. IOE-021 133E-01 6 161E-40 1 19 -4)1 
NH3 - Ammonia kg 1.63E-03 4.3 
1 E-03 1.20E-, 03 4 76E-03 1.19E-02 3.66F-03 1 OIN I 
NOx - Nitrogen Oxides kg 2.07E+00 3.73E+00 
9.32E-0 1 1.77E+00 8.50E+00 4 (, 51 -1 7 -'()1 
I'Alis kg LOOE-04 5.36E-05 1.43E-05 1.64E-05 1.85E-04 4 131-'4)() 1.72F 4 14 
1)h - Lead kg 1.28E-04 
4.48E-04 1.10E-041 1.92E-04 8.78E-04 1 74FI-4)4 K60F, 4)4 
Sox - Sulpher Omdes kg 3.3 1E +00 
9.26E+00 2.2 1E 400 3+83E-iý)O. I 111ý61E+01 5,47F4)l 1.531: -H)l 
Hcnzene - C61-16 kg 8.35E-04 3.65E-03 6.28E-04 
3.26E-031 8 ', 71 -1)3 2.39F-40 7.50F-()I 
FthN lbenzene kg 5.57E-04 2.44E-03 6.49E-04 7.28E-04 4 181 -A)-, 1.06F-04 3.75). -() ', 
. Formaldehyde - Methanal kg 1.42E-03_ 6.16E-03 1,65F-03 
1ý92E-03 1 121: -02 2 121--4)4 
9 451', 4)1 
Particles kg 1.19E+00 2.75E+00 7.01 1`4H , 
4ý58E+00 9.2 2 1. -H)() 2 'Of., tiýi 7.47F+ýx) 
Phenol - carbolic acid kg 8.20E-07 2.88E-06 
6.7OL4)7 1,22E-05 ý 
5; 11. A)5 1 241,, -()7 4 49F-j)(, 
Toluene kg 1ý001_4-03 3.05E-03 7.61F-4)4 1.42E-03 6.291-'-4), 3 441:. ý)4 5 2H. -I 
Vinylchlonde - Chloroethene 
_ kg _ 51 (A `-06 4.5 1 E-04 5,321 -,, (, 3.95F-0 1 8.57F-04 ., 
89f. '-04 9 51h-04 
XN lene ký; 2,7913-0 F-( 180F-03 3 27F, -03 5 64E4A Iý 67E -02 
('csiwll 1,, A)topes (134 137) kliq I 1.26E-02 
. - 9. 
--, 
91., -()2 1.521. '-4)2 1,46F-02 
1 36F-01 551 E-O, 
1121) p- lodine kB(I 2.0 1 F-4)2 8981: 4)2 2 401'4)2 2 351'1-()2 
1 57E--O I 9.021: 4)s 1 43E-1 
Rn2' 2 Radon 
, r90 p Strontium 
kBýj_ 
kl3L 
3.901: +, )ý 
-6.02 F'-0 3 
2,92F1+06 
26 QI -'-02 
4721 '-K) 5 
7.321-4)1 
4 49E-+A)s 
6.99E -4) 1 
4 23E, 406 
4 7, F-02 
1 65F, +ý)5 
2.641,, -03 
1 95F +')(, 
4 
1 cQ9 1) -I echnetiuni 
J kHt 7.74Fý--07 461- -4 ýO 9.4 1 E-07 901 
E-07 
1 
I 1j, 111111m Isotopes (234_23ý 231) 
l kf3q 1 1. ()71, ' 27E-02 1151-'4)1 116 
11 -i 
continuea... 
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Em6sions to Water Unit MG silicon Ingot & Wafer Cells Module Total Module I Laminate Total Lam. ' 
Ag - Silver kg 8.60E-07 3.55E-06 8.61E-07 12.36E-06 7.64E-06 17.81E-(i-7 67-i&oo 
As - Arsenic kg 5.77E-04 1.30E-03 3,48E-04 13.71 E-04 2, N)E-()l 6.94E-(); 2 
B- Boron kg, 2.52E-04 1.11 E-03 2.99E-04 3.54E-04 2.01 E-03 5.80E-05 I 72E-() 
BOD kg 1.46E-04 1.59E-03 1-59E-04 3.16E-02 3-35E-o2 5 36E-03 7 -'(, E-1)1 CN - Cyanide kg 6.58E-05 9.06E-05 1-90E-05 4.07E-05 2.16E-04 I 51E-(15 1.91E-1)4 
COD kg 3.33E-03 1.1 OE-02 1.94E-03 1.56E-01 1.72E-01 
-'31E-(-)2 39-IE-02 Cd - Cadmiwn kg I 1.68E-05 4.23E-05 1-12E-05 I 1.43E-05 8.45E-05 ýi 3 28E-061 - 7.35E-o' Cl -Chbrine solutions kg I 2.46E+00 7.94E+01 4.47E+00 1.75E+01 1.04E+, 02 1.51E+011 I. OIE-')2 
CO - Ciromitan kg 2.89E-03 6.5 1 E-03 1,74E-03 1.97E-03 1.31E-02 4.51 E-041 Iý 16E-02 
Cr6 - Cbromium I 
kg 
-, W-- 
3.71 E-07 
- 
1.69E-06 
- 
4.48E-07 4.55E-07 2.96E-06 6.63E-08 2.57E-o6 
Cu - Copper kg 1.44E-03 3.22E-03 8.60E-04 9.2 1 E-04 6.44E-03 1.7, E-()4 569E-03, 
H2S - Hydrosulphuric Acid kg 5.16E-05 3.03E-05 7.21E-06 1.14E-05 LOOE-04 4.72E-06 9. 38E-o, 
Hg - Mercury kg 2.64E-07 1.31E-06 3.22E-07 
. 5.19E-07 2.4 1 E-06 2.34E-07 _ 
-'1.13E-o(, 
, 
NH3 - Ammonia kg 2.74E-03 9.54E-03 2.33E-03 1.55E-02 3.0 1 E-02 1.24E-()21 2.70E-02 
PAHs kg 1.84E-05 7,54E-05 1.76E-05 5.27E-05 1.64E-04 1.86E-05 1.30E-04 
Pb - Lead kg 1.61E-03 6.32E-03 1.08E-03 1.23E-03 1.02E-02 2.70E-(4 9.27E-()l 
VOCs as C kg 4.97E-04 2.05E-03 4.95E-04 1.40E-03 4.44E-03 4.58E-04 3 50E-03 , 
Benzene kg 1.84E-04 7.67E-04 1.82E-04 5.76E-04 1.71E-03 2.30E-04 1: 36E-03 
Ethylbenzene k 3.32E-05 1.37E-04 3.34E-05 9.62E-05 3. OOE-04 3.37E-051 2.37E-04 
Fonnaldehyde kg 1,37E-08 4.24E-08 1.1 3E-08 2.95E-06 3.01 E-06 2.09E-06 2.16E-06 
Phenol kg I 2.14E-04 9.04E-04 2.06E-04 7.61 E-04 2.08E-03 3.74E-04 1.70E-03 
Toluene ýE 1.66E-04 6.96E-04 1.67E-04 I 5.16E-04 1.54E-03 2.03E-04 I 23E-03 
TricWoroethylene - kg 7.99E-07 6.74E-05 4.57E-07 5.92E-05 1 1.28E-04 5.83E-05 1.27E-04 
Xylenc kg 1.32E-04 5.52E-04 1.36E-04 3.68E-04 1.1 9E-03 1.20E-04 1 9: 40E-04 
Cesim Isotopes (134/2137) kBq 6.04E+00 3.76E+01 7.3 1 E+00 7.01 E+00 5.80E+01 2,66E+00 5.17E+01 
1129 p- Iodine kBq 1.1 5E+00 5.12E+00 1.39E+00 1.34E+00 . 
9. OOE+00 5.1 OE-0 I 8.17E+00 
Sr9O p Strontim kBq 2.30E+00 1.03E+01 _ 2.78E 0 . 7E+00 
1.80E+O 1 1.0 1 E+00 1.63E+O 
Tc99 - Technetium kBq 2.01E-01 8.96E-01 2.44E-0 I 2.33E-01 I 1.57E+00 I 833E-02 ,8 
r 1.43E+00 
Uranium ISOtopeS (234/135,238) j j]ýL 1.47E-02 6.56E-02 I 76F-07 5180-02 1 1.15E-01 I l. 66E. 03 1 9,95E-02 
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Table ix: Life Cycle Inventory for Production of I kNVp of p-Si Photovoltaic Modules. 
Non-Energy Resources Witl Msdicon Ingot&Wafer Cens Mwule TofFj. NIA* Lmniirw Totid Uwt 
Ag - Silver kg 1 9.3 1 E-05 252E4A - 
T 268E-Hx) 
- 
9. (gE4)---, -'69E+00 5WE-4), 
Batmte kg I 3.50E-0 I 2.22E-+, 00 TST: 7)l -5-7Fýr- 
. 
77E--ý r- 1. WE-ýC 6321F--ýx) 9.21E+W 
Cu - Copper kg 1 1.06E-0 1 2.51 FO 1 1. BE-01 .1 2E-01 1.18E--i x) 5 16E-01 9 8(-, E-0 I Fe - Ircri kg I 2.17E-+00 6.37E-+, 00 1.5OE4q) 3'. 33E+00 I -3-4E--0 1 1.4oE-4)) 1.1-41 --01 Pb - Lead kg 8.74E-03 1.83E-M 7.84E-03 1.1 OE-02 4.59E-02 4,72E-(j-l 821 E-02 
Sn - Tin kg 5.19E-05 1.40E-04 4,71E-o-5 I 1.66E44 4.05E4 4 1.48E-01 1.48E-01 
Zn-Zm kg I 1.02E-04 I 1.57E-04 I 6.63E-05 1 1 1.38E-04 L4.63E4)4 1 3 58 E4 4 
Eni[ssions to air _ 
As - Arsetic k-g 2.50E-05 6.88E-05 2.69E-05 I 3.82E-05 1. -59E-W 1.8M-05 14 B- Boron kg 4.75E-03 1.32E4)2 5.50E-03 5.21 E-03 2-87E4)2 5A 2 -R)E-02 
C144 - Ntdiane kg 1.64E+00 2.84E+, 00 1.07E+M 1.49E+0) 7.031F-ix) 414F-01 590'. 1%, 
CN - Cya6de kL_ 4.05E-04 2.21E-06 3.53F, 08 9.28E-M 4.08E44 9 2SE4)7 4 08E-44 
Co - Carbon Nbw? dde kg 3.54E-01 3.79E-01 9.39E-02 , 8.82E-01 1.71 E-i X) -1 75E-01 I C02 - Carbon DiOXIde kg , 
4.03E+02 1.19E4-03 4.72E+02 7.4C)E-+-(-P- 282E+i)-i 1. (-4)E+tr- -1 24F, -03 Cd - Cadryium kg I 9.49E-06 3.27E-05 1.03E-05 4 34E-05 1). 00E-05 1,03E-0-5 6 281- , -0,71 
H2S - Fývdro2m Stilphide k-, g 3. OIE4)2 1.72E-03 5AOE-04 L0IE-03 334E-02 , 486E-04 1 291 --(-r- HG - Hydrogen CH on de k-g 6.67F, 02 2.26E-01 7,76E-02 I 
_ 9.23E-02 4 63E4)1 I WE-(P2 3.87E-01 
Hg - Mercury kg 1.15E46 3.09E-05 1.29F, 05 1.27E, 05, 6. FUE-05 1.58E-06 5.69E-05, 
N20 - Dirungm Oxide kg 1.91 B-02 5.30E-02 2.20E-02 2.28E-02 . 
1.17E-0 I 6.67E4)3 
. 
I OIE-01 
M-13 - Aninma kg 1.85F, 03 3.87FrO3 1.30E, 03 5 15E, 03 I "*E-()'- 3 1)(-, E4)3 1.1 OE-02 
Niox - Mtrogen Oxides kg 2.35EqX) 2.66PW I. OlFt-00. 
. LIP-Do) 7.94E- i x) 5. (4E4)1 (, Cý II-, ý4 X) 
PAfis kg 
. 
1.14E49 3.81 E-05 1.5 5, F-05 1.78E-05 1. Ks E, 04 4 47E-(Y, 1.72E-04 
Pb - Lzad kg 1.45E49 3.21E-04 1.20E, 04 1 208B-04 7.44E-W 1.88E-(g 7 74E-04 
SOx - Stilpher Omdes kg 3.76E+(X) 6.64&ý)O 2.39E+00 4.15E+-(X) I 69E-+4) I 5. ()3E4)1 1 --ý4 
F -()I 
I,, - Bervime - C6H6 kg 9.49E-(4 3.05E-03 6.80E-04 3.53E-03 8.2OE4)3 2 59F-03 7 27F-03 
F-tWbmmne kg, 6.32E-04 1.74E-03 7.03E-04 7.88E-04 3.80E-03 1.15E, 04 3 19E-03 
Fom-Wdehý, de - Nledianal k-g 1.62E-03 4.41 E-03 1.79E-03 2,08E-03 9.8()E-03 2 3oF-(4 9 (ME-0-3 
Parudes kg 1.35E+00 2.07E+(X) 7.59E-01 4%F+W (), 15E-H 0 
_3 
()7F:, (9) 7.2-, ý 1-H x) 
Phenoi - carMic acid. kg 9.3lFrO7 1.21 FW 7.25FrO7 I 32F4),; 1.3OF44 1.35E-07 1 2-3F-4 4 
ToWene W, 1.20E-03 2.20E-03 8.24E-04 1.54E4)3 5 77E-03 3.73E-(4 4 N)E4)3 
Vim, IcHotide - Chloroedxm ! r2 6.09E-06 1.42B-03 5.76E-06 
I 4.28E-04 1. W)FA)3 422E-04 1(851-ý3 
XN, Icfle - kg 
, 
3.17E-03 7.5 1 E-03 3.03E, 03 3.54E-03 1.73E-02 6 11 F-04 I 43F-(r- 
Cesi Lu-n Notopes (134/137) g! q 1.43E-02 2.78&02 1.65E-02 1.58E-02 7.43E-02 5.97E-03 (, 
45E4 C 
1129 p- Iodine kBj 2.29E-02 6.34E-02 - 
2.60E-(2 2.55 E4)2 1.38E-01 1) 78E4)-3 I 222F4)1 
Rn222 - Raden kBq 4.44E+05 8.61 E+05 5.11 F-ý)5 4.86E+-05 
230F-iv) 178F+0-5 11), 4--it, 
SOO p- Strontium kBq 6.84E-03 1.91 E-02 7.93E-03 7.58E-03 4.14E4)2 2 ME-ol 3.67E4r- 
T&) p- Tedineti um kBj 8.80E-07 2.45E-00 1.02&06 9.76, E-07 5.33B-00 3.7()E-07 4 7'-)E4t) 
_ Lh-aniumhdopes(2-; 4a35ai8) kBq 224E-02 4.35E4)2 . 
2.59E-02. 
. 
'). 46E-02 1.16E-01 3 91 E-4), 1) 5717 -4 r 
continued... 
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Faissious to water 
Ag - Silver 
Unit MG dkon 
, 9.77E-(f7 
Ingot & N%fer 
2.66E4)6 - 
CeUs 
9.33E-07 
Modp* 
256E-06 
Total MDdLde 
7.1 33 E-4 k') 
Lvninaw 
8 17 
Total Lam 
7, 41 E4)(-) 
As - Arscruc 6.55E-04 9.23E-04 3.77E49 4 02E4)4 2 36E-03 7 41 E-4); 1 ()F4)' 
B- Boron kg 
. 
2.8(E-04 
- 
7.9,4E-04 3.24E-04 3.83E-(4 Iý 79E-4)3 6 2ý1, sF-46 I 
_ 1.47E-03 
BOD k-g 1 1. 66E-04 1.46E-03 1.72E-04 
, 
3.42E-4 C 3. N)E-(r- ý-, sI E4)3 1 7 61 E4)' , 
CN - C\, Mde kg I 7.47E4)5 6.82E4)5 _ 206E-05 I 44]E-4),; 2. ()8E4)4 1 15 1 ', N)F4)4 
COD kg 3.78E-03 1.16E-4)2 2.1 OE-03 I 1.69E-0 I, 1.86E-0 I 2-'50E-(r- 4 24E4)2 
Cd - Cadnium 1.91E-05 3.03E-05 1.21E-05 I Lý5F-o5 7.69E-('6- 6.50E-05 
C1 -Chlonne solitions kg 2.80E+00 2.06E401 4 K4E-, i X) PA)E-ýi)l 4.7'21E -o 1 1 (, 41 -- ti) 1 4 4(E+i) I 
Cr3 - Chrom urn kg 3.28E, 03 4.59E-03 1.89E-03 213E-4)3 1.19E-()2 4.89E-04 1,03E-02 
Cro - Cbroryium kg 4.22E-07 1.19E-00 4.85E-07 4.93E-07 , 
2 59E-06 7,18E-08 I 2,17E-4 ý, 
cu - copper kg 1.63E-03 2.28E-03 9.31 E4)4 9.98E-04 5.84E-03 1.87E49 5 03E-4)-', 
jj2S - Hýdrmlphunc Acid kg 5.86E4)5 2.16E-05 7.8lE4)0 I 23E4)5 LOOE4ý4 5 12E-O(, ) 
_ 9.32E-05 
Hg - N&rcury - 
kg 3. OOE-07 9.21 &07 3.49E-07 I 5. (, 2E4)7 2.13E4)6 2. -5-4E4)7 1 W- Aninma kg 3.1 IE-03 7.15E-03 252E-03 1.68E4)2 2, (kE4)2 1 -ý4[--4)2 . 
2. (-OE-02 
PAft kg 20913-05 5.73E-05 1,90E-(')-5 5ý71IH46 1. 
-*-,. 4E-04 -'()11---05 
11 ill -4ý4 
Pb - Lead kg 1.83E43 3.97E-03 1.17E-03 1.33E-03 I 8.29E-0-3 2 )-'E-(4 7.1 C, I -- 4)3, 
vocs as C kg 5.65E49 1.54E-03 5.37E-(4 - 1,5 1 E-03 4 15E-03 4.1k)l -4)4 3.14E-O' 
Benzene kg 
, 
2.09F, 04 5.74F-(A 1. ()7E-(g 6.24E-44 LWE-03 241T 44 
. 
I 2-IF4)1 
Ethylbenzene kg 3.78E4)5 1.03E-04 3.02E-Or-5 1.04E-04 181 F-4 q 3 6,5, E-05 2 WF4ý4 
, 
Fom-ddel--Ade ! ýr2- 1.5613-08 2.02E-00 1.23E-08 3.19E-06 I 5,2-3E-00 2 27F-4 k) 4.31 F-ý x, 
Phenol kg 2.43E-(A 6.78E4)4 2 2-3F-(A 8.25E-(A 1. ()7E--03 -4 (k, F-4 4 1 
Toluene kg 1.89E, 04 5,20F4 4 1.81 E-04 55*44 1.45E-03 2 2()[-'-(g 
. 
III E-03 
Tndýoro&ý'Icne kp, 9.08&07 2.13E-04 4 95E-W 6.42E-0-5 2.78E-W 6.32E-O-5) 2.77E-04 
XvIene kg 1.50F, 04 4.13E4)4 1.48E49 3 99E-04 III E-03 1,3OF4 A 8.411 
Cesi urn Isotom 0 34/21 P) kBq 6.87E+(X) 8.91 E ýO I 7.1)2E+(X) 7, ( k)E+ X) 1.11 E+02 288EHx) 1()7E-H)-' 
1129 p- Iodine k-Bq 1.31E+00 3.03E+(X) 1.50E+M I 5E+(*) 4 1.45E+00 7.89PI X) -5-53E-01 (, (, ), )E+M 
Sr1)O p Strontium 2.61E40) 7.2()E+00 3.01PW 
E 
)E ix) 
0 
2. S, )E-HX) I 58E+O I 1.10PIX) 1-U)E, 0l 
TC99 - Tedmeti urn 2.29E-01 6.36E-01 2.64E-01 - 
2 3E 01 753E-01 2- 1.38E-ý 9) 9.56E-02 1.22E+(X) 
Uranjurn Mopes (234/235/238) , C. k 'JAn kkn Bq , 
1.0( )E-02 4.64E-02 1.91 E 027 J E_( 2 I 2 E )2 -01 LME 1. FA)E-03 8.39E4 Q 
418 
Appendices for Chapter 5. 
Appendix 5-4: Life Cycle Inventory from Production of 1 m2 of 
Crystalline Silicon Photovoltaic Modules. 
The following 4 pages constitute a streamlined life cycle inventory and primary 
energy input inventory for the manufacture of I M2 of m-Si and p-SI PV modules and 
frameless laminates. The results presented here are converted from those in 
Appendix 5-3 by dividing the data in that appendix by 7.69m2 and 8.33 M2 for m-Si 
and p-SI modules respectively. The data for m-SI modules is presented in Table x and 
for p-SI modules in Table xi. 
Table x: Life Cycle Inventory for Production of I M2 Of M_Si Photovoltaic Modules. 
Non-energy Resources Unit MG silicon Ingot& Wafer Cells Module Total Module Laninate Total Lam. 
Ag - Sdver kg 1.07E-05 4.38E-05 3.22E-0 I 1.08E-05 3.22E-0 I 6.06E-04 3.2-3 E-0 I 
Bawate kg 4.0 1 E-02 3.56E-0 I 3.90E-02 2.12E+O I 2.17E+O I 7.59E-0 1 1,19E+(X) 
Cu - Copper kg 1.22E-02 4.38E-02 1.30E-02 8.55E-02 1.55E-0 I 6.19E-02 13 IE-01 
Fe - Iron kg 2.48F, 01 1.08E+00 1.8OE-0 I 3.99E-0 1 1.91 E+00 1.68E-0 I 1.68E+00 
Pb - Lead kg LOOE-03 3.18E-03 9.4 1 E-04 ! 1.3 1 E-03 6.43E-03 5. OOE-03 1.08E-02 
Sn - Tin k g, 5.93E-06 2.43E-05 5.6 Eý -06 1.99E-05 5ý59E-05 1.78E-02 1.78E-02 
Zn - Zinc kg 1.17E-05 2.90E-05 
ý 
7.96E-06 ý5E-05 6. _5 2 E-05 3.85E-061 _5.25E-05 Emissions to Air 
As - Arsenic kg 2.86E-06 1.26E-05 3.23E-06 4.59E-061 2.33E-05 12.24E-06 2.09E-05 
B- Boron kg 5.44E-04 2.43E-03 6.60E-04 6.26E-04 4. -10E-03 6,11 E-05 3.70E-03 CH4 - Methane kg 1.87E-O I 5.20E-01 1.28E-01 . 1.78E-0 1 1.0 1 E+(X) 4,97E-02 
9.85E-01 
CN - Cyanide kg, 4.63E-05 1.49E-07 4.24E-09 1.11 E-07 4.66E-05 1.11 E-07 4 66E-0-5 
CO - Carbon Monomde kg 4.06E-02 5.35E-02 1. BE-02 1.06E-0 1 2.1 IE-01 3.30E-02 1.38E-01 
C02 - Cw-bon Dioxide kg 4.6 1 E+O I 2.18E+02 5.67E+O I 8.96E+O 11 41 OE+02 1.99EAJ 3.4 1 E+02 
Cd - Cadinium kg 1.09E-06 5.97E-06 1.24E-06 5.21E-061 1,3 ý E-05 1.23E-00 9.5 3 E-00 
H2S - Hydrogen Sulphide kg 3.45F, 03 3.45E-04 6.49E-05 1.21E-041 3.98E-03 5. S' , E-05 3.92E-03 
HO - Hydrogen Chloride kg 7.64E-03 4.82E-02 9.3 1 E-03 1.11 E-02 7.62E-02 1.92E-03 6.70E-02 
Hg - Mercury kg 1.32E-06 5.69E-06 L-55E-06 1.52E-06 1.0 1 E-05 1.89E-07 9.74E-00 
N20 - Dimtrogcn Omde kg 2.19E-03 9.73E-03 2.64E-03 2.74E-03 1.73E-02 8.0 1 E-04 1.54E-02 
NH3 - Amrwnia kg 2.12E-04 5.60E-04 1.56E-04 6.18E-04 1.55E-03 4,75E-04 1,4()E-(),, 
NOx - Nitrogen Omdes kg 2.69E-01 4.86E-0 I 1.21E-01 2.30E-01 1.11 E+00 6.05E-02 9.36E-0 I 
PAHs ke 1.30E-05 6.96E-06 1.86E-06 2.14E-06 2.40E-05 I 5.37E-07 2.24E-05 
Pb - Lead k 1.66E-05 -5.83E-05 
1.43E-05, 2.49E-05 1.14E-04 1220F-Oý 1-12E-04 
SOx - Sulpher Omdes kg 4.31E-01 1.20E+00 2.87E-01 _ 
4.98E-01 2.42E+00 7.12E-02 1.99E+00 
Benzene - C6H6 kR 1.09E-04 4.74E-04 8.16E-05 
I 4.23E-04 1.09E-03 3.11 E-04 9.76E-W 
Ethvlbenz, ene kg 7.24E-05 3.1 8E-04 8.44E-05 19.46E-051 _5_0_I)E-44 
1.38&05 4 8SEA4 
Fonnaldehyde - Methanal kg 1.85E-04 8.01 E-04 2.15E-04 
2.50E-04 1.45E-03 2.76E-05 1.23E-(), 
Par6cles k.. P, 1.55E-01 3.5 7E-0 I 9.12E-02 ý, 96E-0 I 1.20E+00 3.68E-0 1 9 71E-01 
Phenol - carbolic acid LP, 1.07E-07 
_ 3.74E-07 8.7 1 E-08 1.58E-06 2.1 5E-00 1.62F-09 7, ME-07 
Toluene -- k v, 1.38E-04 3.96E-04 9.90E-05 1.85E, 04 8.17E-04 
14.47/1---05 6 79E-04 
Vimichlonde - Chloroethene kg 6.97E-07 5.87E-05 
6.91 E-07 5.14E-05 1.11 E-(4 15 OOE-Oi 1,11 E4 ý4 
XvIene kg 3.63 E-04 1ý 37E-03 33.64E-04 
_4ý25E-(4 
2.52E-O' , 17, 'i, E-()-; 2.17P) -, 
CeSilml ISotopeS (13-4 1.17) 1, Bq 1.63E, 03 1-12E-02 I QSE-03. . 
[89F-03 1.77E-02 7.17E-04 1 6*; [-'-()2 
1129 p- Iodine kBq 2.62E-03 1.17E-02 3.12E-031 3.06E-03 2-05E-02 
Iý 17E-03 1. W)L-02 
Rn222- Radon kBq i. 08E+04 3.80E+05 6.1, E+. 04 i 84E-+4)41 5. iIE -05 2.14E44 4 5 . 
14E+O*; 
_ 
Sr9O p Strontium kBq 7.83E-04 50E-03 9.52IF-04 9.09E-04 6.14 ,ý 
I 44E-04 
- 
S ýXF-03 7 
TO() p Technetium kBq I. OIE-07 4,50F-07 1.22E-()7 1.17F-()7 
7.90E-07 4 44E-()S 7.171: -()7 
Uranimi Isotopes (2-1-4 235 2,18) 
_ kBq 2 56E-O' I 1, ()-, F-02 II E-03, . 
2. ()OF-(), 79E-02 4.69E-(O 2 -54L--()-) 
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Emissions to Water Unit MG sificon Ingot & Wafer CeRs I Module Total Module Laminate Total Lwm 
Ag - Silver k g, 1.12E-07 4.62E-07 1.12E-07 13.07E-07 9.93E-07 I ()2E-07 7., S7E4)7 
As - Arsenic kg 7.50E-05 1.70E-04 4, ý'ý E-05 4.82E4)5 3.38E-04 8.90E-00 2 99E-04 
B- Boron kg , 
3.28E-05 1.44E-04 3.88E-05 4.60E-05 2.62E-04 I 7,54E4)6 2 24E4)4 
BOD kg 1.90E-05 2,07E-04 2.07E-05 14.11 E-03 4-', 6E-4), 16.97E4)4 944-E44 
CN - Cyanide kg 8.55E-06 
- 1.18E-05 2.48E-06 5.30E-06 2.81 E-05 I 1. ()7E-()6 49E-05 
COD kg 433E-04 1.43E-03 2.52E-04 2.03E-02 2.24E-02 13, OOE4), II E4)3 
Cd - Cadmium kg 2.18E-06 5.50E-06 1.45E-06 1.86E-06 1.1 OE-05 14.26E-07 9 56E-06 
CI -Chlonne solutions kg 3.20E-0 1 1.03 E+O I 5.82E-01 2.28E+00 1.35E-H) I 11.97E-ý)O 1.3, -) E +0 1 Cr3 - Chromium kg 3.76E-04 8.46E-04 2.26E-04 2.56E-04 Iý 70E-03 15.87E-05 - 1.5 1 E-03 - Cr6 - Chromium 4.83E-08 2.19E-07 5.82E-08 ýý92&08 3.95E-07 8.62E-09 3.35E-07 
Cu - Copper k-g 1.87E-04 4.19E-04 1.12E-04 1. -1 OE-04 8.38E-04 2.24E-05 7.40E-04 
R2S - Hydrosulphuric Acid kg 6.71 E-06 3.94E-06 9.3 7E-07 1.48E-06 1.31E-05 6.14E4)7 1.22E-05 
Hg - Mercury kg 3.43E-08 1.70E-07 4.19E-08 6.75E-08 3.14E-07 3.05E-09 77E-()7 
NH3 - Ammonia kp, 3.56E4A 1.24E-03 3.03E-04 2.02E-03 3.92E-03 101 E-03 51 E-(), 
PAHs kg 2.39E-06 9.80E-06 2.29E-061 1 6.85E-06 2.13E-05 2.421E-06 1.69E-05 
Pb - Lcad kg, 2.09E-04 8.22E-04 1.40E-041 1.60E-04 L33E4), 3 iIE-05 1.21E-03, 
VOCs as C kg 6.47E-05 2.67E-04 6.44E-051 1.82E-04 S. 78E-()4 15.96E4)5 4.55F-04 
Bcnz, cnc kg 2.39E-05 9.97E-05 2.37E-05 7,49E-05 _ 2.22E-()4 12.99E-05 I 77f--04 
Ethylbenzene kg 4.32E-06 1.78E-05 4.35E-06 1.25E-05 3.90E-05 4.38E-06 ', 0()E-05 
Formaldch-vdc kg 1.78E-09 5.52E-09 1.47E-09 3.93E-07 3.92E-07 2.72E-07 2.91 E4)7 
Phenol k-g I 2.78E-05 1.18E-04 2.68E-05 9.90E-0-5 2.71 F-()4 4.97E-05 -1 21 E-04 
Tolucne kg 2.16E-05 9.05E-05 2.17E-05 6.71 E-05 2.01 E4)4 2.04E-05 1.60E4)4 
Trichlorocfliviene kg 1.04E-07 8.76E-06 5.94E-08 7.70E-06 1.66E-05 7,58E-(X) 1.65E4)s 
Xylenc kg 1.72E-05 7.18E-05 1.77E-05 4.79E-05 1.5 5 E-04 1.56E-05 1.222E-04 
Cesium Isotopes (134/2137) kBSL 7.86E-0 I -4.90E+00 9.5 1 E-0 I 9.12E-O I -2.25E+M 3.46E-0 1 -2 sI E-+4x) 
1129 p- Iodine kBq 1.49E-01 6.66E-0 I 1.80E-01 1.74E-01 1.1 7E+00 6.63E-02 1.06E+00 
Si90 p Strontium 2.99E-0 I 1.33E+00 3.61 E-0 I 3.47E-01 2.34E+00 1 32- 01 2.12F HX) 
Tc99 - Tochnetium 
jt 
2.62E-02 1.1 6E-O I 3.17E-02 3.03E-02 7 OSF-01 I -186E-Ofl 
Unuumn Isotopes (234/235/238) kB 1 .91 
I 1.911EE-03 8.53E-01 , ? 29F 
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Table xi: Life cycle inventory for production of I M2 of P_Si Photovoltaic Modules. 
Resources Unit MK; silicon Ingot & Wafer Cells I Module Total Module Laffinate Total Lam 
Ag - Sdver kg 1.12E-05 3.02E-05 3.22E-0 I 11.08E-05 22E-01 6.06E-04 3,23E-01 
BaLvdte kg 4.21E-02 2.66E-01 3.90E-02 2.12E+O I 16E+O I 7.59E-01 IIIF ý00 
Cu - Copper kg , 1.28E, 02 3.01E-02 1.36E-02 8.55E-021 1.42E-01 6.11-)F-O-2 1.18E-01 
Fe - Iron kg 2.60FO I 7.65E-01 1.80E-0 I 0 -0 1 E-01 O 3.99E-0 1 1.60E+00 1.68E-01 I ', 7F-+00 
Pb - Lead kg 1.05E-03 2.20E-03 9.41E-04 IE-04 1.31E-03 5,5 1 E-03 5.66E-03 9.85E-03 
Sn - Tin kg 6.23F, (k 1.68F, 05 - - 
5.65E-06 E-06 
d 
1.99E-05 4.87E-05 1.78E-02. 1,78E-02 
Zn - Zinc kg 1.23&05 1 
78 8E-A5 7.96E-06 1.65E-05 -556E-05 1 1 3.85E-061 4 29E-05 
F. missions to Air 
As - Arsemc kg 3. OOE-06 8.26E-06 3.23E-06 4.59E, 06 1.91 E-05 2 24E-06 1.67E 0., 
- Boron B kg 5.71E -04 1.59F, 03 6.60E-04 6.26E-04 3.44E-03 6.11 E-05 2 88E4)3 
C144 - Medwie kg 1.96F, 01 3.41E-01 I 1.28FO I 11.78E-0 I 8.44E-01 4 97E4)-' 7.15E-01 I 
CN - Cymide _ 
kg 4.86F, 05 2.65E-07 A 4.24E-09 I. IIE-07 4ý90&05 
. 
1.11 E-07 4.90E-05 
CO - Carbon Nbno? dde kg 4.26E-02 I 4.55E-02 1. BE-02 1.06E-01 2.05E-01 3.30E-02 1,32F-01 
C02 - Cz-bon DiWade kg 4.84E+O I 1.43E+02 5.67E+O I 8. %E+01 3.38E+(r- 1.99E+O I 2.68E-+02 
Cd - Cadm um kg 1.14E-06 - 
3.93E-06 1.24E-06 5ý21E-06 1.15E-05 1.23 E-06 7,541. --(k, 
112S - Hydrogen SLiphide kg 3.62E-03 2.06E-04 6.49E-05 1.21E-04. 4.01 F, 03 . 
5.83E-05 3.95E-03 
HCI - Fýdrogen ChIOnde kg 8.01E, 03 2.72E-02 9.31 E-03 1.11 E-021 5.56E-02 1.92E-03, 4 64E-O-' 
It - kg 1.38E-06 3.72E-06 1.5 5E-06 1.52E-06 8.17E-06 1.89E-07 6.83E-06 
N20 - Di6trogen O., dde kg 2.30E-03 6.36E-03 2.64E-03 2.74E-03 1.40E-02 8.0 1 E-04 121 E-02 
NUB - Anrma k4), ' 2.22E-04 4.65E-04 1.56F, 04 6.18E-04 1.46F, 03 14 75E-04 1.32E-03 
NK)x - Nitrogen Oýddes kg 2.82E-01 3.20E-01 1.21E-01 12.30E-01 9.53E-01 6.05E-02, 7.84E-01 
PAFE k 1.37E-05 4.58E-06 1.86E-06 2.14E-06 2.22E-05 5.37E-07 2 06E-05 
Pb - Lead kg 1.75E-05 3.86E-05 1.43E-05 2.49E-05 9.53E-05 2.26E-05 9.30F, 05 
SOx - SLipher Od des kg 4.52E-01 7.97E-01 2.87E-01 4.98E-0 I . 
2.03E+00 
. 
7.12E-02 1.61 E4W 
Benzene - C61* kg 1.14E-04 3.66E-04 8.16E-05 . 
4.23E-04 9.85E-04 3.11 E-04 8. -7-1 04 
Ethylbenzone kg 7.59E-05 2.09E-04 8.44E-05 9.46E-05 4.63E-04 1.38E-05 3.83E-04 
Formal dehyde - Wflianal kg 1.94E, 04 5.29E-04 2.15E-04 2.50E-04 1.19E-03 2.76E-05 9.65E-04 
Pamdes kg 1.62E-01 2.49E-01 9.12E-02 5.96FO 1 1.1 OE+00 3.68E-0 1 8.71 EO I 
Phenol - carbolic acid kg 1.12E-07 1.45F, 05 8.71E-08 
I 1.58E-06 1.63E-05 1 021-08 1.47E-05 
Tolww kg 1.44E, 04 2.65E-04 9.90E-05 1.85E-04 6.92E-04 4.47E-05 5.52E-04 
Virry1chlonde - Chloroed-ov kg 7.32E-07 1.70E-04 6.9 1 E-07 5.14E-05 2.23E-04 . 
5.06E-05 2.22E-04 
Xylene kg 3.81E-04 9.01E-04 3.64E-04 4.25E-04 2.07E-03 
. 
7.33E-05 I. T-E-03 
Cesium ISOtOM (134/137) kBq 1.71E-03 3.33E-03 1.98E-03 1.89E-03 8.92F, 03 7.17E-04 , 7.75E-03 
1129 p- Iodine kBq 2,75F, 03 7.61E-03 3.12E-03 3.06E-03 1.65E-02 1.17E-03 1.46E-02 
Rn222 - Radon kBq 5.32E+04 1.03E+05 6.13E+04 
15.84E+04 2.76E405 2.14E+04 2.39E+05 
Sr9O p- Stronfi um kBq , 8.2 1 E, 04 2.29E-03 
9.52E-04 9.09E-04 4.97E-03 
. . 
3.44E-04 4.411-()3 
Tc99 p- Techneb um kBq 1.06E-07 2.94E-07 1.22E-07 1,17E-07 
1 
. 
6.40E-07 1 1 4.44E-08 5.67E, 07 
- LhWiUM ISOtOpeS (2-34/235/2-3, S) kN_ 2.69E-03 I 5.22E-03 3AIE-03 2.96E-03 
1 1.40E-02 1 1469E-04 t l 
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Emi%ions to V*kff Unit MG silicon 
. 
Ingot &Wafer Cells I NbMe Total NIDMe Lanilinte Total Lam. 
Ag - Sflver _ 
kg 1.17E-07 3.19E-07 1.12E-07 3.0713-07 8.56E-07 I (CE-ý)- 1 
As - Arseri c kg 7.87E, 05 1.11 E-04 4.5-M-0-5 4,82E-05 2.83E-04 8.90E-06 I 44E-04 
B- Boron kg I 3.44E-. 05 9.53&05 3.88E-05 4.60E-05 2,14E-04 7.154E-06 I 7()F4 ý4 
BOD kg 1.99E-05 1.75E, 04 2.07E-05 14. IIE-03 4')2E4J-') 16k)-F-04 9.13F-04 
CN - Cyaride 1SE 8.97E-06 8.19E-06 2.48E-06 5.30F, 06 . 
49E-C6- 2 I 1.97E-06 2 - 16E-05 COD kg 4.54E-04 1.39E-03 2.52E-04 2.0313-02 2.224E-02 13. OOE-03 
-5-09E-O-31 Cd - Cadnium _ 
kg 2.29E-06 3.63E-06 1.4513-06 1.86E-06 9.24E-06 14.26E-07 -. 81E-. 06 
C1 -CHOrine sdufions kg 3.36E-01 2.47E+00 5.82E-01 . 
2.28E+00 5.67E+00 11.97E-ý-00 ý 30F-0) 
W- CbrorriLrn kg 3.94E, 04 5.5 1 E-04 2.2613-04 2.56E-04 1,4-')E-O-') 15.87E-0-5 I -11-'AýI 06 - Chronium kg , 5.07E-08 1.4313-07 5.82E-08 5.92E-08 3IIIE-07 18.62E-09 -7.60E-07 cu - Copper kg 1.96E-04 2.74E-04 1,12F, 04 1.20E-04 7.01E-04 1224F-05 (-)04F--C4 
H2S - fiydroqpftffic Acid kg . 
7.04E-06 2.59&06 9.3-1&07 1.48F, 06 1.20E-05 16.14E-o7 1. I-21: -w, 
ldý - N&rajy kg 3.60E-08 1.11 E-07 4.19E-08 6.75E-08 2. -%-E-07 3.05B. 08 119E-07 NUB - Annyxia kg 3.7313-04 8.58E-04 3.03E-04 I 2.02E-03 , 3.55F, 03 1.61E-03 nI 3,15E4)-, 
PAM kg 2.51E-06 6.88E-06 2.29E-061 1 6.85E-06 1.8513-05 '-142E4-)b 141E-O., 
Pb - Lead kg, 2.19E-04 4.7613-04 1.40&04 1.60E-04, 9.96E-04 3. -S I 
E-05 8.71 E-04 
VOCs as C 41, 6.78E, 05 1.85E-04 6.44E-05 1.81-E-04 4.99E-04 5.96F, 05 31 76E-04 
Benune kg 2.51E-05 6.89E-05 2.37E-05 7.49E-05 1.93E-04 2 99E-0-5 1 48E-04 
Ethylbenzene kg 4.53E-06 1.24E-05 4.35E-06 1.25E-05 33.3813-05 4.3813-06 2. -%E-05 
Fom-ddehyde kg 1 1.8713-09 2.4213-07 1.47E-09 3.8313-07 6.28E-07 2.7213-07 5 1813-07 
Phc-noi kg 2.9115-05 8.14E-05 2.68E-05 9.90F, 05 2.3613-04 4.87E-05 1.86E-04 
tciuene kg 2.27F, 05 6.24E-05 2.1713-05 6.71E-05 1.74E-04 2.64E-05 1.33E-04 
Tfichloroeklene kg 1.09F, 07 2.55E-05 5.94E-08 7.70E-06 3.34E-4D5 7.58E-06 3.33E-05 
Xylene kg 1 1.80E, 05 4.96E-05 1.77E-05 4.79E-05 1.33E-04 1. -%E, 05 I-OIE-04 
Cesium Isotopes (134/2137) kBq 8.24E-01 1.0713+01 9.51E-01 9.12E-01 I. 34E+O I 346E-01 1.28E ýO I 
1129 p- Iodine kBq 1.5713-01 4.3613-01 1.80E-01 , 1.7413-01 
9.47E, 01 6.63E-Cr-) 8.39E-01 
Sr9O p Sumbum kBq 3.1413-01 8.7113-01 3.61 E-0 1 3.4713-01 1.89E+00 1.32E, 01 
_I 
68E+00 
Tc99 - Technefium kBq 2.7413-02 7.63E-02 3.17E. 02' . 
3.03E-02 
- 
1 1.6613-0 1 1.15E-02 14713-0 1 
ILJmrium Isotopes (23 23-5/239) 
IkBq i 
2. OOE-03 5.57E-03 2.29E-03 2 19EO13 F 1.2013-02 1 16E-04 1 1-011`ýý- 
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Appendix 5-5: Economic cost breakdown for the manufacture of I 
kWp of crystalline silicon photovoltaic panels. 
This appendix constitutes an economic costs inventory for the manufacture of I kWp 
of crystalline silicon photovoltaic modules (representing 7.69M2 and 9.52 M2 for m-Si 
and p-Si modules respectively). Table xii shows the total module costs broken down 
by cost type. Table xiii shows the cost of modules by the main stages of the module 
manufacturing processes as well as cost type. The data I is based on a study bY the 
European Photovoltaics Industry Association (EPIA, 1995) 'photovoltaics in 2010' 
study. It has been adapted as described in Chapter 4 to make the data more 
representative of currently installed technology. 
Table xii: Economic Cost Breakdown of I kWp of Crystalline Silicon Module Maiiufacture by 
Cost Type. 
m-Si P-Si 
TOTAL FOR MODULE PRODUCTION Y, /kWp VkWp 
CONSUMABLES 1283 1323 
Feedstock 355 308 
Chemicals 474 495 
Other Material 431 492 
Waste 22 28 
ELECTRICITY 194 79 
LABOUR 458 471 
Operators 388 395 
Supervisors 49 54 
Manager 21 23 
DEPRECIATION 276 200 
Equipment 264 187 
Buildings 12 13 
OVERHEADS 366 375 
TOTAL FOR MODULE 2576 -1448 
PROCESS YIELD 0.66 0.616 
PRODUCTION 18404 18575 
, MODULES 43500 1 
43860 
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Table xiii: Economic Cost Breakdown of 1 kWp of Crystalline Silicon Module Manufacture by 
Manufacturing Stage and Cost Tvne. 
INGOTC T M-Si P-Si OS S (E/kWp) I OWoOkg 1-000- 20kiz 
CONSI JMABLES 
Feedstock 355 3 () S Cruciblcs 33 54 
Chemicals 37 6 Graphite and spare parts 7 15 
ELECTRICITY 151 33 
LABOT JR 
Operators 58 33 
Supervisors 7 8 
DEPRECIATION 151 (-, 3 OVERHEADS 52 4() 
10 1 Al, INGO I COS I (. t/kWp) 850 561 
MAITRIAL PROCESS YIELD 0.9 0.86 
WAFER COSTS (L/kWp) 96em"2 /075-mm I 00crn "12 / 0.3 5 in ni- 
SILICON INGOTS 850 561 
CONSUMABLES 
Chemicals and Materials 115 143 
Waste 22 28 
ELECTRICITY 11 12 
LABOUR 
Operators 69 82 
Supervisors 6 8 
DEPRECIATION 22 27 
OVIAZITEADS 
' 
60 -77- 
1 () I Al, WAFER COS I S 1156 Q31 
NET WAFER COST(i/kWp) 306 37() 
MATERIAL YIELD 0.367 326 
PROCESS YIELD 0.77 0718 
SOLAR ('EIA, COSTS (f-/kXXp) 
'- 70 NSUNIABLES 
Silicon Wafers 1156 931 
Chemicals 322 346 
ELE-CTRICITY 27 29 
LABOUR 
Operators 130 140 
Supervisors 18 19 
Manager II II 
DERFCIATION 
F, quipment 44 -47 
Buildings 4 4 
()VF'-Rflf,. ADS 127 1 -') 7 
1 () I'AL, Cf- 1 -1, 
COS IS(, f7k, vNp) 1839 1654 
NETCEILL COSTSIIIINNII-)) 682 723 
PROCESS YIELD 0.903 (). ')()3 
ANNUAL PRODI JCTION (k'A'p) 15960 16620 
PV MODULE PRODUCTION COSTS 2 MWp 2 Nfwp 
CONSI J MA Bl. FS 
- - - Solar Cells 1838 1654 
Materials (area related) 317 346 
Materials (module related) 75 77 
FLECTRICITY 4 1; 
I ABOI JR 
Operators 130 140 
Supci-visors 18 19 
Manager II II 
DETRECIA FION 
Equipment 48 51 
Buildinzgs 9 9 
I, TlFAD-S 
127 1.1 
,\INI () 1) 1fII-MSI (L/kW p) -2576 
74-4S 
NI: I'N, I()I. )Ul L COS 1 739 7Q4 
IIROCFISS N'11: 1-D 
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Appendices for Chapter 5. 
Appendix 5-6: Economic Cost Breakdown for the Manufacture of I 
m2 of rystalline Silicon Photovoltaic Panels. 
This appendix shows the cost of m-Si and p-Si module manufacture on a per m -, of 
module basis and is broken down in the same way as the data in Appendix 5-5. The 
results presented here are converted from those in Appendix 5-5 by dividing the data 
in that appendix by 7.69m 2 and 8.33M2 for m-Si and p-Si modules respect i ve 
Table xiv: Economic Cost Breakdown per M2 of Crystalline Silicon Module Nlanufacture by Cost 
Type. 
M-Si P-Si 
TOTAL FOR MODULE PRODUCTION f/m^2 i/m "2 
CONSUMABLES 166.8037774 158.8216093 
Feedstock 46.21090441 37.02639813 
Chemicals 61.6902662 59.43710741) 
Other Material 56.05742844 59.05554381 
Waste 2.845178373 3.302559827 
ELECTRICITY 25.20315511 9.470579294 
LABOUR 59.5340379 56.52012694 
Operators 50.43357969 47.36352852 
Supervisors 6.347409281 6.431069496 
Manager 2.753048923 2.72552892 
DEPRECIATION 35,89741218 24.01935207 
Equipment 34.37012387 22.50587445 
Buildings 1.527288317 1.513477619 
OVERHEADS 47.57616669 45.06704139 
TOTAL FOR MODULE 335.0145493 293.8987089 
PROCESS YIELD 0.66 0.616 
PRODUCTION 18404 18575 
, MODULES 
43500 43860 
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Table xv: Economic Cost Breakdown per M2 of Crystalline Silicon Nlodule Nlanufacture by 
Manufacturing Stave qnd Cn-. t Tvna 
TTV Mir )T COSTS (L/m", 2) 
M-si 
I OOUO-O-kg 
P-si 
]()()32()k, -, CONSUMABLES 
'Feedstock 46.21090441 37 0-1639813 
Crucibles 4.250677001 6 438133333 
ChemicAs 4.801690686 () 77587'7t)()7 
Graphite and spare part, 0.8501354 1.832391795 
ELECTRICITY 19.67906019 3.99494-42 73 
LABOUR 
Operators 7.556759115 3 Q-4 54 
-'() 
171 
Supervisors 0.865878648 0.9()7()4188 
DI'. PRECIATION 19.60034395 7.527(-, (, 3589 
OVI. -IIMEADS 6-739110209 4.853362051 
1 () I A-1, INGOT COST (i/m, 12) 110.5535596 67.30213293 
MATERIAL PROCESS YIELD 0.9 0.86 
-VV-ATFR COSTS (f/MA 2) 96cmA2 / 0.3 5mm I 00cmA2 / 0.3 3 mm 
SILICON INGOTS 110.5535596 67.30213293 
CONSUMABLES 
Chemicals and Materials 15.00457226 17.14701437 
Waste 2.845178373 3.302559827 
ELECTM CITY 1.452538433 1.43958578 
LABOUR 
Operators 8.984773811 9ý 8612 73481) 
Supervisors 0.823604260 90491 (), -% bI 
1) 1 `P 1ý-F, CI ATI 0N 2.875127619 3.186544,845, 
OVFIR-HEADS 7.846702461 9.5951()8(,, ', '5 
10 1 AL WAFER COS IIS (Vill, 2) 150.3860.568 -777291 1(. 7 
NET WAFER COST(f/m,, 2) 39.83249723 44.426003-No 
MATFRIAL YIELD 0.367 0.326 
PMA 
-'FISS 
YIELD 0.77 0.718 
SOLAR CELL COS'I'S (E/m/12) 
CONSUMABLES 
Silicon Wafers 150.3860568 111.7281367 
Chemicals 41.88400325 41 51421551 
F. I. ECTRICITY 3.502165244 3 467658001 
LABOUR 
Operators 16.9429075,3 10.79709286 
Supervisors 2.32576-2-247 2.309446275 
Manager 1.372470163 1.36054992 
D ER I -C I ATI 0N 
F 
. quipmcnt 
5.685947819 5 037560694 
Buildings 0.466504637 0 460493919 
()Vl-, Rlll-', ADS 16.51020758 
- 
28002219 15 
- 
1 101 1 AL CELL COS IS (1/ni2) 239.076027-T 199.5451759 
NFTCELL COSTS (f/m/, 2) 88.68996847 86.81703926 
PIZOCFSS YIFI D 0,903 0.903 
ANNUAL PROM V] ION (ni/12) 15960 16620 
PV MODULF PRODUCUON COSTS 19373 m^2 Modu1c.,, 19553 ni, `2 Modtilcý, 
CONSI JNIABIT'S 
Solar Cells 239.0760253 1 ()S 5451759 
Nlatcrials (area related) 41.1833664 
41 5t, 556052 
-ýIaterials (inodule related) 9.7732-4904 
) 21945,81(, 
ri i. v, rmcri ,)v () 5(, 031)12-4 0.56939124 
1 ABOUR 
Opcrators 16949139-24 16 7(, 974'- 
Supervisors 
Manager 
2.33 
' 
216412 
1.38057876 
3(), 1,7(, 44X 
1 
DEPRF-CIA HON 
Hquipinciit 6.20870448 6.15-410ý32 
1.06078368 
16.48114644 
x 
lb. 34, Xr, 41%'-41% 
II AI. MOM 'I-T. - COS I CC 335. UI45493 
x 7, 9, 
NET MODI 11 
ýE 
COS V 
PROCESIS Y11-1 1) 
ANNI JAI. PROMICHON (11"2) 
95.939524 
0, )5 
1 S404 
01; 353533 
0.95 
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Appendices for Chapter 6. 
Appendix 6-1: Primary Energy Input for the Production and 
Installation of the Balance of System Components of Crystalline 
Silicon Photovoltaic Systems. 
This Appendix lists the energy analysis results for the balance of system components 
of PV systems on a per kWp of system basis. The energy resource use data in Tables 
ii and iii are based on data from the ETH Zurich Life cycle inventorv database 
(Frischknecht et al., 1994). It has been adapted as described in Chapter 4 to make the 
data more representative of currently installed technology. These tables show the 
energy resources used to manufacture and install the BOS components ot'PV systems. 
Using energy conversion factors, as shown in Table III of Appendix 5- 1, thcse energy 
resource use figures are converted to primary energy equivalents. Tables iv, and vi 
show the primary embodied energy in MJ to manufacture and install the BOS 
components of I kWp of PV systems. These results form the basis of the energy 
analysis results that are presented graphically in Chapter 6. 
Table i: Energy Resource Use for the Balance of System Components of lkWp of Nloiio- 
Crystalline Silicon Building Integrated and Mounted Photovoltaic Systems. 
Enn-gy Resource Use Unit Nind. facade Intd. facade Flat roof basic Flat roof opt. NIntd. sloped roof Int(l. sloped roof 
Brownwal kg 4.75E+01 4.58E+01 5.17E+01 3.67E+01 441E+01 5 99E+01 
Cmde oil kg 3.69E+01 3.50E401 4.80E401 3.96E+01 3.67E+01 4 43E +, 0 1 
Cm& stone coal kg 5.60E+01 3.95E+01 7.54E401 . 
1.11 E4-02 8.68E+01 8.851-1-01 
Mne 
gms 
kg 4.25E-01 287E-01 5.23E-01 8.54E-01 6,84E-01 6., S21, -4)] 
Natum] ps ni3 1.25E+01 1.17E+01 1.37E+01 1.19E+01 I 27E --01 1 55F . ()] 
Oi I ips m3 . 
1.80E+00 1.7OE4W 233E+00 1.93E+00 1.79F +, 00 2 16F -i X) 
Hydro Beancity N/U 2.40E+02 2.21 E+02 4.83E+02 4.37E+02 2', 241--W- 2.83E+022 
U- Lhwý um ýE- 3.36E-03 3.2-3F-03 4,67E-03 
[ 3.73E-03 3.14E-03 141 8F-03 
Table ii: Energy Resource Use for the Balance of System Components of I kNN"p of Poly- 
Crv-. talline Silicon Building Integrated and Mounted Photovoltaic Systems. 
Enerp, Resource t se 
Bmwncoal 
Unit 
kg 
I Nintd. facade 
4 QIE+01 
Intd. facade 
4 7/ IF+01 
Flat roof basic 
5 3, -17E-01 
Flat rx)of opt. 
4E+01 
Nintd. sloped roof 
4 54E+0I 
Int(L sloped roof 
t, 25E+()] 
Crude oil klo 72E+O I 51E-01 4 Q2E-01 
4.01 F-1 I hl)E+() 1 4 52E4i)l 
Crude stone coal ki! SIE+01 4.01 F- ()I 7.91E-Ul 
1.18 E +02 Q 14E+01 321E-ol 
Mine gas k 4 4()F-()l 2.91 E-0 1 5 4sF-ol 
9. ()6E4)1 7.21 E-4)1 19E-4)1 
Natural gas M. ) I 26E-()l 1.1'7EtOI 
I 
-; 
ýE+()j 
_ - - - - 
1.19E+01 
- 
I 2, E+01 
Oil gas 
Hidro ElectricaN 
ium U- Uran* 
mT 
Mi 
k, -, 
TI MlEfOO S 
IN -. 44E+02 
-1 
45 F -0 11 
1.71 E +00 
2 24E+()-' 
-', 
3,1 E -1) -3, 
719 E TW 2 
07E- 021 5 
1Q5E+ 00 
4 ýýF-4 
1 SoE-fO 2 20E+00 
2 91 E -(Q 
', 5E- 13, 
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Table iii: Energy Resource Use for the Balance of System Components of I kNN p of a Mono- 
Crystalline Silicon Central Photovoltaic Plant. 
Ener*, Res urce Use -Lnit -Central PV plant 
Bro"mcoal kg 3 69E+02 
Crude oil kp 2.91 E+02 
Crude stone coal kg 6.26E+-02 
Mme gas LL 4.76E+00 
Natural gas - m3 1.29E+02 
_Oil 
gas m3 1.41 E+O I 
, Hvdro Electrieltv j MJ 1.62E+03 
LU - Uranium I kS 
_2.5 
1 E-02 
Table iv: Primary Energy Use for the Balance of System Components of I kNN p of Nlono- 
Crystalline Silicon Building Integrated and Mounted Photovoltaic Systems. 
Primary Energy Use Unit Mntd. facade Intd. facade Flat roof basic Flat roof op Nintd. sloEed roof roof Intd. sloped roo 
Browncoal MJ 4.16E+02 4.01 E -02 4.5, E-02 3,2 1E -02 .,. 
86E-o-' 5 24E -02 
Crude oil MJ 1.63E+03 1.54E-03 2.12E-03 1.75E+03 1621-03, -01 1. %E -, Crude stone coal MJ 1,04E+03 7.30E-02 1.40E-03 2 06E-03 1.61 E -03 1 (, 4F-03 
Mine gas MJ 1.61E+01 1.09E-0 I 1.98E-O 1 3 23E+01 2.59E-01 2.58E -0 1 
Natural gas MJ 4.64E+02 4,33E-02 5.06E-02 4.40E-, -02 4.68E-02 5 72E-02 
Oil gas MJ 7.71 E-0 I 7.31E+01 LOOE-02 8.28E-01 7.67E-01 9 26E+01 
Hydro Electricity MJ 2.40E+02 2.2 1 E+02 4.83E-02 4,37E-Q -1 214E-02 2.83E-02 
U- Uramium MJ 1.53E-, -03 1,47E+03 2,12E-03 1.69E-O, L43E-03 1.90E-03 
, 
Total MJ 5.40E+03 4.88E+03 7.20E-03 6.82E-03 5.83E-03 6.99E-03 
Table v: Primary Energy Use for the Balance of System Components of I Mp of Poly-Crystalline 
Silicon Building Integrated and Mounted Photovoltaic Systems. 
Primary Energy Use Unit llntd. facade Intd. facade Flat roof basic Flat roof opt. Nintd. sloped roof Intd. sloped roof 
Browncoal MJ 4,30E-02 4.14EA2 4.70E-02 3 27E-02 3 97E-02 5ý411 
Crude oil MJ 1.64E+03 1.55E-o3 2.17E+03 1.77E- I 6')E-')) 1.99E+() 
Crude stone coal MJ . 
1,07E-033 7.42E-02 I 4(, E-i)3 2 19E-033 1.69E-0 1.72E-o, 
Mine gas MJ 1.67E-o 1 1.1 OE--O 1 2 ()7E-01 33.4 -', 
E -0 1 -' 73E-ol 2 72E-01 
Natural gas MJ 4.65E+02 4.32E-o" II E+02 4, ' )9E-()2 4 70E-02 5S3, F, -0 2 
Oil gas MJ 7,77E-01 7.3 )3E+O I I ()-, )E-Oý 8.38E--o I 7.72E+01 9.44 E -0 1 
Hvdro ElectricHN MJ 2.44E+02 2.24E-02 5. OE-02 4 58E-()-' 27E-02 2 91 E -02 
U- Uranium Mi 1.57E+03 1.5 1 E-03 2 22E-()3 1.75E-ý)3 4-r, + (0) 1 
, Total MJ 5.52E-03 I 495E--ý)3 
7.46E-03 7. ()5E-I)-'i 5 99E-O, 7 NE-10, 
Table vi: Primary Energy Use for the Balance of System Components of I kWp of a Mono- 
Crystalline Silicon Centralised Photovoltaic Plant. 
Primary Energy Ilse Unit Central PN' plant 
BroN\ncoal Mi 3,2, E ý 0', 
Crude oil mi 1.28E-04 
Crude stone coal mi 1.161, -()4 
Mine gas mi 1.801-+02 
Natuml 
_gas 
Mi 4,76[ -(), 
Oil gas Mi 6.071 +02 
HN'dro Electncit, \, Mi 1 021 +01 
U- Urallium Mi Iý 141 -04 
Total Mi 4 62E-04 
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Appendix 6-2: Breakdown of the Primary Energy Input for 
Production and Installation of 1kWp of Crystalline Silicon Building 
Integrated Facade Systems. 
This Appendix lists the energy analysis results for the components of BIPV cladding 
systems on a per kWp of system basis. The energy resource use data in Tables \ii and 
viii are based on data from the ETH Zurich Life cycle inventory database 
(Frischknecht et al., 1994). It has been adapted as described in Chapter 4 to make the 
data more representative of currently installed technology. These tables show the 
energy resources used to provide all the energy to manufacture and install the m-Si 
and p-SI BiPV cladding systems respectively broken down into energy required to 
manufacture the laminates,, to manufacture the wiring, to manufacture the inverter 
and other which includes delivery and installation. 
Using energy conversion factors, as shown in Table "I of Appendix 5-1, these energy 
resource use figures are converted to primary energy equivalents. Tables ix and x 
show the primary embodied energy in MJ to manufacture and install I kWp of BIPV 
cladding systems. These results fon-n part of the energy analysis results that are 
presented graphically in Chapter 6. 
Table vii: Energy Resource Use for Production and Installation of I kWp of Mono-crystalline 
Silicon Building Integrated Facade System. 
Energy Resource Use Unit Laminates Wiling Inverter Other Total 
Browncoal kg 7,89E+02 5.40E+00 5.95E+00 3.45E+O I 8.34F+()2 
Crude oil kg 1,94E+02 9.37E+00 4.11 E+00 2.15E+01 2.29E-o2 
Crude stone coal kg 7,09E+02 5.46E+00 7.05E+00 2.69 E +0 1 7.481,, +02 
Mine gas kg 5. OOE+00 4.04E-02 5.32E-02 1.93E-01 -5 28 1-+ Oo 
Natural ýas m3 1.82E+02 3.25E+00 1.60E+00 6.85E+00 1.94E+02 
Oil gas m3 9.4-5E+00 4ý55E-01 2. OOE-O I 1.05E+00 1.12E+O I 
Hvdro Electriwy j MJ _ 4. OOE+03 2.52E+01 4,93E+01 I 40E+02 4 22E+o-3 - 
U- Urarnum l kg I 5.61E-02 3.74E-04 51 OE-04 2,34[---()3 
t5 
1) 3E- 0'21 
Table viii: Energy Resource Use for Production and Installation of I kNN p of Poh-crý'stalfine 
Silicon Building Integrated Facade System. 
Energy Resource Use Unit Laminate Wiring Inverter Other I otal - - 
Browncoal kg 6.66E+02 5.40E+00 ý. 95E+00 3 92E+4)1 7.17ETj2 
Crude oil k_g 1.74E-02 - _9.37E-00 
4.11 E+00 2 54E+01 2.13E-02 
Crude stonc coal k8 6.26E+02 5.40E+00 _7.05E+00 
4 71 E+O I 6.86E - 02 
Mine gas kS 4.40E+00 __4.04E-02 
5 -, -? 
E-()2 ', 58E-01 4.86E+()O 
Natural gas M 
_ 50 E+02 3.25E-00 1.60E+4)0 8 32E+00 1.64E+02 
Oil gas m3 8,47E+00 4.55E-01 
2. OOE-01 I 24E+00 I ()4E-4)1 
Hydro Electricity _ ', 51E -03 2.52E+01 I 4.93P-01 1. -, ) E --o 2 1 1 77E--4)3 
11 
U- Uranjum l kg 4.80E-02 1 3, ý7 
4 29 
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Table ix: Primary Energy Use for the Production and Installation of I kNN p of 'Niono-cfNstalline 
Silicon Building Integrated Facade. 
Primary Energy Use Unit Laminates Wiring Inverter Other Total 
Browncoal mi 6.90E+03 4.72E+O I 5.20E-0 I 3.02E-ý-02 T ')0E-033 
Crude oil mi 8.57E+03 4.13E+02 1.81E-02 9.48E+02 1.01E-104 
_ Crude stone coal mi 1.3 1 E+04 1.01E+02 1.30E+02 4.99E+02 I 38F-04 
Ane gas mi 1.89E+02 1.5 3 E+00 2.01E+00 7.3 1F +00 2 OOE-02 
Natural gas mi 6.73E+03 1.20E+02 5.93E+01 2.53E-4--02 7 16E-O', 
Oil gas mi 4.06E+02 1.95E+01 8.59E+00 4.49F-0 1 4 79E+ý)2 
Hydro Electncity MJ 4. OOE+03 2.52E+01 4.93E+01 1.46E-02 42 22 F ý-O 3 U- Uranium mi 2.55E+04 1.70E+02 2.32E+02 1.07E-03 2 70E+04 
Total mi 6.54E+04 1 8.98E+02 7.15E+02 3.27F+03 7. () 3, E +04 
Table x: Primary Energy Use for the Production and Installation of I kWp of Poly-ctNstalfine 
Silicon Building Integrated Facade. 
Primary Energy Use Unit Laminate 
_ 
Wiring Inverter Other Total 
Browncoal MJ 5.83E+03 4.72E+O I 5.20E+01 3 4.33E+02 6.27E+03 
Crude oil MJ 7.68E+03 4.13E+02 1.81E+02 1.12E+03 9.40E t 03 
Crude stone coal MJ 1.16E+04 1.01E+02 1,30E+02 8.72E+02 12 7E +04 
Mine gas MJ 1.67E+02 1.5 3 E+00 22.01E+00 1.36E+01 1.84E+02 
Natural gas MJ 5.57E+03 1.20E+02 5.93E+01 3.08E+02 6.06E+03 
Oil gas MJ 3.64E+02 1.95E+01 8.59E+00 5.3 1 E+O 1 4 45E+02 
Hydro Electricity MJ 3.5 1 E+03 2.52E+01 4.93E+01 1.79E402 3.77E+ - 
U- Uranium MJ 2.18E+04 1.70E+02 2.32E+02 I 22E+03 2 35E4O4 
Rotal Mi 5 65E+04 8.98E+02 7 15E+02 4 11 F ý-03 6.23 1, ý 04 
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Appendix 6-3: Streamlined Life Cycle Inventory of Balance of 
System Components per kWp of Different Crystalline Silicon Grid 
Connected Photovoltaic Systems. 
The following 5 pages constitute a streamlined life cycle inventory of the non-energy 
resources used and emissions released to air and water from the balance of system 
components of PV systems as described in Chapter 6. It is based on data from the 
ETH Zurich Life Cycle Inventory Database (Frischknecht et. al. 1994). It has been 
adapted as described in Chapter 4 to make the data more representative of currently 
installed technology. The first 2 pages show the inventory for 6 different m-S1 PV 
systems on buildings, the next 2 pages show the same systems but for p-Si technology 
and the final page shows the same inventory for a case study centralised m-Si PV 
power plant in the Swiss Alps. 
Table xi: Streamlined Life Cycle Inventory of the Balance of System Components of I kWp of 
Mono-crystalline Silicon Photovoltaic Systems. 
Non-Energy Resources Unit Mntd. facade Intd. facade Flat roof basic Flat roof opt. Mntd. sloEed roof I ntd. sloped roof 
AS - Silver kg 2.09E-04 9.02E-05 2.22E-04 
7) 02E-05 2.09E-04 1.1 8E-04 
Bauxite kR 6.29E+01 6.56E+01 5.46E+01 1,25E+01 4.26E+01 7.43E+01 
Cu - Copper kg 5.95E+00 5.95F, +00 6.04E+00 6.04E+00 5.96E+00 5.97E+00 
Fe - Iron kg 2.41E+01 4.001-00 2.071, -+01 9.1 OE+71 6.80E+0 1 5.4.11 ý, + 01 
Pb - Lead kg 5.70E-03 5.43E-03 1,34E-02 1.20E-02 5.90E-03 6 571'-, -03 So - Tin kg 6.07E-05 8.02E-05 8.23E-05 8.02E-05 7 
5099E-05 9,021 -, - 05 Zn - Zinc kg 1.28E-03 1.31E-03 1.47E-03 Lý 5E, 03 1.391-0-03 1.46E-03 
Emissions to air 
As - Arsenic kg 1.84E-05 1.53E-05 2.3()Y, -05 2.60E-05 2.251,, '-05 2.541', 05 
B- Boron kg 1.74E-03 1.65E-03 1,88E-03 1,35E-03 1.61E-03 2 .1 7E-03 CH4 - Methane kg 6.46E-01 4.92E-01 8.031-01 LIOE+00 9.12E-01 _ _ 9.50F-Ol 
CN - Cyanide kg , 5.99E-07 3.51E-07 4.42E-07 3.27E-06 2.0 1 EA6 2,031-', -06 CO - Carbon Monoxide k 5.01E-01 4.79E-01 6.08E-01 4.97FI-01 5.71E-01 5.94),, '-Ol 
C02 - Carbon Dioxide k 2.90E+02 2.49E+02 4.3 1 E+02 3.97F, +02 2.9011+02 3.79E+02 
Cd - Cadmium k 6.58E-05 6.42E-05 7.78E-05 7.11 E-05 6.67E-05 7.1 OE-05 
H2S - Hydrogen Sulphide k 6.81E-04 3.30E-04 6.52E-04 1.76E-03 1.391, ', -03 1,2317-03 
HCI - Hydrogen Chloride kg 4.17E-02 4.13E-02 4.18E-02 2.37E-02 3.631,, '-02 5.12E-02 
Hg - Mercury kg 5.11 E-06 4.34E-06 1.06E-05 9.27E-06 5.82E-06 6.64E-06 
N20 - Dinitrogen Oxide k 8.26E-03 7.89E-03 1.07E-02 8.24E-03 7.791, ', -03 1 02E-02 
N113 - Animonia k 5.50E-04 4.07E-04 7.70E-04 1.08E-03 1.77F-03 9.36F-04 
NOx - Nitrogen Oxides kg 7.12E-01 6.3 IE-01 1.42E+00 1.2 1 E+00 8.11 F-O 1 9.37E, -Ol PAHs k 7.57E-06 6.43E-06 8.27E-06 7.07E-06 1+80F-05 9.34E-06 
Pb - Lead kg 5.69E-04 4.72E-04 6.0 1 F-04 9.03r-04 7.911-', -04 7.45F-(A 
SOx - Sulpher Oxides kg . 
2.30E+00 2.22E+00 2.48F, +00 2.04E1+00 2.22E+00 2.73E+00 
Benzene - C6116 kg 3.4 1 E-03 3-28E-03 3.46E-03 3.62E-03 3.81EI-03 3.77E-03 
Ethylbenzene kg 2.78E-04 2.65E-04 3.16E-04 2.351, -04 2.651-'-(A 3.451-1-04 
Formaldehyde - Methanal kg 8.49E--04 9.23E-04 9.411-, -04 6,67F-04 7.94F-04 1,03F-03 
Particles kg 1.581, +00 8.93L-01 1.75E+01 1.43Y, +01 2.96F -f 00 2,791, 'I+(X) 
Phenol - carbolic acid kg k 3.19E-07 1.52E-07 4.971,, '-07 5.99F-07 5,75E, 07 4.88E-07 
Toluene kg k 8,63E-04 8.1 OE-04 9.93E-04 8.83E-04 9.70P-04 1.031"1-03 
Vinylchloride - Chloroethene kg k 
J 
6,98E-04 6.96E-04 7.15E-04 7.17E-04 _ 6.99F, 04 6.9 9E- 04T 
Xylene kg k 1.29E-03 1.20E-03 1.69E-03 1,35E-03 1.35F-03 1,63E-03 
Cesium Isotopes (134/137) I kB 5.35E-03 S. I 3E-03 7.49E-03 5.991-'-03 4.991, '1-03 6,65F-03 
1129 p- Iodine tTjý k ljý Bq 8.55F-03 8.23E-03 1.20E-02 9.58E-03 7.981-'1-03 1,07F-02 
Rn222 - Radon kBq, 1.72E+05 1.59E+05 2.29E+05 1.781.1+05 1.591,1'+05 2,131-'1+05 
Sr90 p Strontium kBq 2.56E-03 2.47E-03 3.59E-03 2.88E-03 2.4 11-, '-03 3.2 1 E-03 
jTc99 p Technetium kB 
A 
3.36E-07 3.25E-07 4.64L'-07 3.2171-07 3.07E-07 4.1717-07 
jUranium Isotopes (234/235/238) kB 8.28E-03 9,57E-03 7.20E-03 7.80E-03 1.04F-02 
Continued 
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Ulit MAL bmad htd. famde Hat roof beAc Flat roofopL MAL doped rud b*L doped rW 
, Ag - Si kg 1.12B. 06 1.06&06 1.46E-06 121606 1.12SW 1.34BOG 
As - Amric kg L84E. 04 129B04 
245604 3.64&04 286BC4 29OB04 
B- Bom kg 139E, (4 1.33B04 1.63E. 04 124S04 1-33F5O4 1.73BC4 
BCD IP. 1.14BC2 1. lOE4T- 993BCB 2%6406 M56ffl 1.39BC2 
(N-Ggi& km 1.46BO4 3.24&05 1.306N 52M-04 3.935W 3. M49 
OOD 7 3.9ffi4M LOOE-02 9.05E, (B 1.06E. 02 1.09UIC2 
GI-Ckbim kg &34B406 5.52S06 I. CBSC6 1.80605 1.40E. 05 I. Wi4b 
G -aiorine xWons kg 159E+00 1.38E+00 216E+OD 232EM 1.93E+CO 215E+00 
C13 - ChuyiLm 1q. )" 9.87504 
6.59604 129MB 2Cl3bffl 1.62E, 03 MWý, M 
06-Chrmium ýg 1.64F507 IAWA7 1.78BO7 133E-07 1.64W 2CBW 
at - apper lq. ),, 4.67504 321B04 6.19504 9.45EN 73EW 743FN 
HS - Fýdmýuýc Acid kg 1 26TS0 7.44506 235505 &81505 671E-05 5.55USO 
it - Nbulry kg 
I 1.34W -ýW OWL 1.55507 12Tý, 07 132607 l. )Wb, 07 
W- Anyruria bg 287EM 23OU13 3.75E, (B 485FO 3.915M 4.04F-4B 
PAB kg 244S05 232505 3.17505 271BO5 245605 29WSO 
Pb-Lead kg LCOEM 4.60604 1.12E, (B 284EM 2179CB 1.93B. CB 
, Vmasc ýg 6.6Tn4X 6.30E-404 8.63B04 7.14E-N 6.61E-W 7.99F!, 04 
Bmair kg 244FM 231504 3.17BO4 263&04 243EN 293BW 
Bhýý kg 4.45E, 05 421505 5 79E-05 4.7W305 4.44605 535F46 
Bc"&ý& J(g 1.10F. C8 24T49 273F, 06 2765,06 1.3%a R64B09 
kg 45E, ý 28M4)4 507E, 04 I. Cffiffl R 12504 756BW 
Tduar kg, 22IE04 2MW 287504 237BO4 2-20604 265E44 
Tlidianltýicnq l(g I 1.05B04 1.04HW IME44 LOC(g 1.05BIA 1.05E, 04 
X*W 
, 
kg 1.75F!, 04 1.66FW 227Eý04 1.89BN 1.74F, 04 211b(A 
CýjmIsacpes(MM_ kEq 257E+00 247E+00 3.61E+00 28W-a 241E+00 32OL-+OD 
1129p-locine Id2l 4.89E, 01 471BOI 6.86601 5.48BOI 45TS-01 (110bol 
sfflpsburtýn kBq 9.77BOI 9.40E-01 137Ea 1.09FO 9.1 iml 1.22EfOO 
M99-Tedrditin Uýj &55BC2 &23E-C2 
-II 
9-5kU4M 7.99H. C2 1.0714)1 
1 LjajM L90" (23VMM9) ld3ql 6. OOEffl 1 
_ 
5.795W I 6-53SM 4.65tiQ3 5.56EW_ 7. 
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Table xii: Streamlined Life Cycle Inventory of the Balance of System Components of I kWp of 
Pniv-crvr. talline Silicon Photovoltaic Svstem-.. 
Non-Energy Resources Unit Nintd. facade Intd. facade Flat roof basic Flat roof opt. Nfntd. sloped roof Intd. sloped roo 
Ag - Silver kg 2.19E-04 8.96E-05 
2.33E-04 8.96E4)5 2.19E-04 1.20E-04 
Bauxite 6.64E+0 I 6.94E+O I 5.74E+O 1 1.19E+O I 4.44E+01 7,89E+O I 
Cu - Copper kg 5.22E+00 
5.21E+00 5.3 1 E+00 5.3 1 E-H)O 5.22E H)O 5.24E+00- 
Fe - fron kg 
2.54E+O I 3.70E+00 2.1 9.80E+01 7.30E+0 I 5.92E+O I 
Pb - Lead -ýL 
5.94E-03 5.65E-03 1.43E-02 1.27E-02 6.15E-03 6.99E-03 
Sn - Tin kg 6.12E-05 8.23E-05 &47E-05 9.23E-05 6.03E4)5 8,23E-05 
Zn - Zinc 1.38E-03 
1.42E-03 1.58E4)3 1.78E-03 1.49E-03 1.57E4)3 
Emissions to air 
As - Arsenic kk 1.90E-05 1.57E-05 
2.41E-05 2.73E4)5 2.35E-05 2.67E-(. )5 
B- Boron kg 1,79E-03 1.70E4)3 1.95E-03 1.37E-03 1.66E4)3 2.27E-03 
CH4 - Methane kg 6.64E-01 4.97E-0 I 8.34E4)] 1.15E+00 9.52E4ý I 9.93EM 
CN - Cyanide 6.1 OE-07 
3.42E-07 4.40E-07 3.50E-06 2.14E4)6 2.16E4)6 
CO - Carbon Monoxide 5.33E-01 5.09E-01 
6.49E-0 I 5.29E4)1 6.09E-0 I 6,23E4)1 
C02 - Carbon Dioxide kg 2.98E+02 
2.54E+02 4.51E+02 4.15E+02 2.98E+02 3,95EfO2 
Cd - Cadmiurn ýJL 6.06E-05 
5.89E-05 7.36E-05 6.63E4)5 6.16E4)5 6.62E4)5 
H2S - Hydrogen Sulphide 
- kg 7.01E-04 3.2 1 E-04 6.70E-04 1.87E4)3 1.47E-03 1.30E4)3 
HCI - Hydrogen 
Chloride kg 4.34E-02 4.29E-02 4.35E-02 2.38E4)2 3.75E-02 5.37E-02 
Hg - Mercury 
kg, 5.29E-06 4.45E-06 1.13E-05 9.79EJJ6 6.05E-06 6,94E-06 
N20 - Dinitrogen 
Oxide kg 8.52E-03 8.12E-03 1.12E-02 8.50E-03 8.01E-03 1.06E4)2 
NH3 - Ammonia 
! ie 5.71 E-04 4.16E-04 8.1 OE4)4 1 1.14E-03 1.89E4)3 9. gIE4)4 
NOx - Nitrogen Oxides 
-. kg 7.39E-01 6.51E-01 1.50E+00 1.27E+4)0 8.45E4)1 9 82E-01 
PAHs 7.71 E4)6 6.47E-06 9.47E-06 7.17E4)6 1.9OE4)5 9 63E-06 
Pb - 
Lead 5.90E-04 4.85E4)4 6.25E-04 9.52E4)4 8.3 1 E-04 7.81 E-04 
SOx - Sulpher Oxides 
kg 2.27E+00 2.18E+00 2,47E+00 2. (X)E+00 2.19E+00 2.74E+00 
Benzene - C6H6 
kg 3.58E-03 3.43E-03 3.63E46 3. gOE4)3 4. OIE4)3 3.97E4)3 
Ethylbenzene 2.85E-04 2.72E-04 3.26E-04 2.39E-04 2.71 E 4A 3.57E4)4 
Formaldehyde - Methanal 
8.62E-04 8.33E-04 9.61 E4)4 6.65E-04 8.02E4)4 1.05E4)3 
Particles 1.67E+00 9.18E-0 I 1.89E+01 1.54E+01 3.16E+00 2,97E+00 
Phenol - carbolic acid 
kg 3.25E-07 1.45E-()7 5.1 9E-07 6.17E-07 6.03E4)7 5, ORE-07 
Toluene IL 8.86E-04 8.28E-04 1.03E-03 9.08E-04 1. (x)E-4)3 1.07E-03 
Vinylchloride - Chloroethene 
- kg 6.11 E-04 6.1 OE-04 6.3OE4)4 6.32E-04 6.12E-o4 6.13E4)4 
XvIene kg 1.33E4)3 1.23E-03 1.76E-03 1.40E-03 I 39E4)3 1.69E4)3 - 
Cesium Isotopes (134/137) kBq 5.50E-03 5.26E-o3 7,82E-03 6,19E4)3 S. II E4)3 6, 'X)i, 4)3 
1129 p- Iodine kBq 8.79E-03 8.45E-03 1.25E-02 , 
9.91 E-03 9,17E4)3 -1 11 E4)2 
Rn222 - Radon 
ý22. 1.77E+05 1.64E+05 2.39E H)5 1,84E+05 1.63E+05 2.21 E05 
Srgo p- Strontium ! i2j 2.64E-03 2.53E-03 3.75E-03 2.98E-03 2.47E4)3 3.331-A3 
Tc99 1) - Technetiurn kBq 
3.45E-07 3.34E-07 4.84E-07 3.85E4)7 3.14E4)7 4.34E4)7 
jUranium ISotopCS (234/235/238) kBq 8.55E-03 8.13E-03 9.96E-03 7.38E-03 8 (4E ol I 11UP-117 
continued.... 
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Finissions to Water Unit Nbtdfacade Indficade Flatroofbasic Flatroofopl. Nlintd slopedroof Indslopedroof 
Ag - Silver - 
kg 1. BE-06 1.07E-06 1.50E-06 1.22E-06 1. DE-06 1.37E-06 
As - Arsenic _kg 
1.9 1 E-04 1.31114A 2.57E-(A 3.86E, 04 3.01 PA 3.05E-04 
B- Boron kg 1.43E-04 1.36E-04 1.696-04 1.26E-04 1.36E4A 1.79E-04 
BOD kg 1.2 1 E-02 1.17E-02 1.05E-02 2.90E-03 9.07E4)3 1.47E, 02 
CN - Cyanide kg 
I 1.54E-04 3.05F, 05 1.36E-04 5.61 E-04 4.2 1 E-04 3.39E-04 
COD kg 8.14E-03 3.99E-03 1.05E-02 9.50E-03 1.12 E-02 1.15E-02 
Cd - Cadmium kR 8.64E-06 5,59E-06 1.08E-05 1.91 E-05 1.48F, 05 1.45E4)5 
Cl -Chlorine solutions 1.62E+00 1.39E+00 2.23E+00 2.42E+00 1.99E+(X) 2.23E+(X) 
Cr3 - Chromium kg 1.03E-03 6.70E-04 - 
1.35E-03 2.2 1 E-03 1.71E-03 1.69E-03 
Cr6 - Chromium 1.70E-07 1.52E-07 1.85E-07 1.37E-07 1.70E-07 2,12E-07 
Cu - Copper kg . 
4.85E-04 3.27E-04 6.49E-04 LOOE-03 7.78E-04 7.93E4A 
H2S - Hydro sulphuric Acid kg 2.74E-05 6.96E-06 2.43E-05 9.44E-05 7.16F, 05 5.84E, 05 
Hg - Mercury kg 1.36F, 07 1.32E-07 1.59E-07 1.21 E-07 1.34E-07 1.76E4)7 
NH3 - Ammonia kg 2.92F, 03 2.30F, 03 3.88E-03 5.07E, 03 4.05E-03 4.1 8E-03 
PAHs kg 2.45E-05 2.32E-05 I 3.25E-05 2.75E, 05 2.47E-05 3 (AS-05 
Pb - Lead kg 1.07F, 03 4.66E-04 1.18E-03 3.05E-03 2.32E-03 2. OOE, 03 
VOCsasC kg 6.69E-04 6.32E-04 8.84E-04 7.23E4A 6.66E-04 8.15 E4A 
Benzene kg 2.46E, 04 2.32E-04 3.25E, 04 2.66E-(A 2.44E-o4 299E4A 
Ethylbenzene 
- 
kg 4.49F, 05 4.23E-05 5.93E-05 4.85F, 05 4.47E, 05 5.46E-05 
Formaldehyde kg 1.16E-08 233E-09 2.95&06 2.99E-06 1.47E-08 9.01 E-09 
Phenol kg 4.71 E, 04 2.80E-04 5.23E-04 1.09E, 03 9.54 E-(A 7.93E-04 
Toluene 2.22E-04 2.1 OE-04 2.94E-04 2.40E. JA 2.21 E-04 2.71 E4)4 
Trichloroethylene kg 9.19E-05 9.15E, 05 9.47E-05 9.50E, 05 9.2 1 Eý5 9.21 E-05 
Xylene kg I 1.76E-04 1.67E-04 2.33E-04 1.90E-(A 1.75F, 04 2.15 F, 04 
Cesium Isotopes (134/2137) kBq 2.65E+00 2.54E+00 3.77E+00 2.98E+00 2.47E+(X) 3.33E+00 
1129 p- Iodine kBq 5.03E-01 4.83E-01 7.16E-01 5.67E-01 4.69E-0 I 6.33E4)1 
Sr9O p Strontium kBq I. OOE+00 9.65E-01 1.43E+(X) 1.13E+(X) 9.33E-ol I I 27E+(Xi 
Tc99 - Technetium k]3q 8.79E-02 
8.45E-02 1.25E, 01 9.91 E-02 8.17E-02 LII E4)1 
Uranium Isotopes (234/235/238) kBq 6.21 E-03 5.98E-03 6.77E-03 4. T411Z 5 73E-03 IX)E-03 
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Table xiii: Streamlined Life Cycle Inventory of the Balance of System Components of I kWp of a 
Mono-crystalline Silicon Centralised Photovoltaic Plant. 
Non-Energy Resources Unit Central PV plant 
Ag - Silver kg 1.43E-03 
Bauxite k 1.99E 2 
Cu - Copper kg 2.41E+01 
Fe - Iron kg 3.73E+02 
Pb - Lead kg 8.42E-02 
Sn - Tin ksz 5.39E-04 
Zn - Zinc kg 2.23E+01 
Efftissions to air 
Emissions to Water Unit I Central PV plant 
As - Arsenic kg 2.41E-03 
Ag - Silver kg 8 841 ý -00 
B- Boron 
C114 - Methane 
CN - Cyanide 
kg 
kg 
kg 
1.42E-02 
6.70E+00 
1.51E-05 ' 
As - Arsenic 
B- Boron 
BOD 
kg 
kg 
kg 
I04F-03 
1.1 IF-03 
3 391.1-02 
CO - Carbon Monoxide kg 3.60E+00 
. CN - Cyanide kg -2-ISE-03 
C02 - Carbon Dioxide kg 2.55E+03 CUD kg - _ 
3ý 621 -, '-02 
Cd - Cadmium kg 1.43E-03 
Cd - Cadmium T9 9.57E-05 
H2S - Hydrogen Sulphide 
HCI - Hydrogen Chloride 
kg 
k 
8.86E-03 
2.47E-01 
Cl -Chlorine solutions 
Cr3 - Chromium _kg kg 
1.451-1+<)l 
1 14F '-02 
fig - Mercury kg 2.26E-04 Cr6 - Chromium kR 
. , 
1 841 - '-06 N20 - Dinitrog en Oxide - 
kg 6.69E-02 Cu-C er k 
. , 
5 251-'4)3 
. NI-13 - Ammorna kg 8.37E-03 112S - 11 drosul huric Acid 
g 
k . 
1 
70F 3 0 
Nox - Nitrogen Oxides kg 1.1 IE+01 
p 
Hg - Mer ry 
g 
k 
. - 4 
1 331 -4)6 PAI-Is kg 6.99E-05 N113 - Ammonia 
9 
k . 2 90 g 2 Pb - Lead kg 4.45E- PAHs k 
id l h O k 68E+01 9 g 1.93H-04 es SOx - Su p er x g ý Ph L d 
B C6H6 k 37E-03 9 - ea kE 1.341 ý -02 enzene - 
Eth lb nzene 
k 
kA 
. 
14E-03 2 
VOCs as C- kg 
- 
5.251-l'-03 
y e 
de - Methanal Formaldeh 
. 
kg 
. 
95E-03 5 
- Benzene kg 1.991-03 
y 
Particles kg 
. 
51 E+O I 2 Fthylbenzene kg 3 50F-04 
Phenol - carbolic acid 
Toluene 
VinvIchloride - Chloroethene 
Xylene 
ka 
kg 
ýE 
kg 
. 
2.92E-04 
5,64E-03 
1.51E-04 
LOOE-02 ' 
Formaldehvde 
Phenol 
Toluene 
'Fricliloroethylene 
kg 
LL- 
kg 
k_g_ 
07 31 -'-06 
5 061 3 
1 XOF-03 
2.2XE-05 
Cesium Isotopes (134/137) kBq 3.99E-02 Wene kg 1.39F-03 
1129 p- Iodine kRq 6.39E-02 Cesium Isotopes (134/2137) kBq 1.921 -44)1 
Rn222- Radon kBq 1.25E+06 129 p- Iodine kf3( 3.651-. +0() 
Sr9O p -Strontium kBq 1.92E-02 
j 
Sr9O p Stronti tun kliq 7 221., -+ix) 
Tc99 Technetium kBq 2.46E-06 Tc99 - Technetium ki It] 0.391-1-01 1 
kBq 7.20E-02 Uranium Isotopes (2341235/2-38) K-liq 4 6', F-02 
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Appendix 6-4: Streamlined Life Cycle Inventory of Balance of 
System Components for Crystalline Silicon Building Integrated 
Photovoltaic Facade Systems Broken Down Into Component Parts. 
The folloWing 4 pages constitute a streamlined life cycle inventory for a building 
integrated PV cladding system, in units per kWp. It is based on data from the ETH 
Zurich Life cycle inventory database (Frischknecht et al., 1994). It has been adapted 
as described in Chapter 4 to make the data more representative of currently installed 
technology. The first 2 pages show the inventory for a m-Si PV facade broken down 
into 4 component parts, laminates, wiring (which includes all electrical equipment 
apart from the inverter), Inverter and Other (which is predominantly the structural 
supports). The second 2 pages provide the same inventory for a p-Si system. 
Table xiv: Life Cycle Inventory of IkWp of Mono-crystalline Silicon Building Integrated 
Photovoltaic Cladding System. 
Non-Energy Resources Unit Laminates Wiring Inverter Other Total 
Ag - Silver kg 2.48E+00 2.52E-05 1.38E-05 5.12E-05 2.48E+00 
Bauxite kg 9.18E+00 2.66E-02 9.07E+00 5.75E+01 7.48E+O I 
Cu - Copper kg 1.01E+00 
5.01 E+00 9.05E-0 I 3.34E-02 6.96E+00 
Fe - Iron kg 1.29E+01 5.3 1 E-0 1 2.53 E+00 9.41 E-0 I 1,69E+O I 
Pb - Lead kg 8.29E-02 3.56E-04 7.65E-04 4.3 1 E-03 9.93E-02 
Sn - Tin kg 1.37E-01 1.40E-05 7.63E-06 5.85E-05 1.37E-01- 
Zn - Zinc kg 4.04E-04 
1.37E-05 1.53E-05 I 79E-03 1.72E-03 
Ern issionS to air 
_Vs - Arsenic kg 1.61E-04 
1.44E-06 2.67E-06 1.1 2E-05 1.76E-04 
B- Boron kg 2.84E-02 I 1.94E-04 2.15E-04 1.24E-03 3.0 1 E-02 
CH4 - methane kg 6.81 E+00 9.48E-02 7.87E-02 3.1 9E -0 1 7.30E+00 
CN - Cyanide k 3.58E-04 6.77E-08 IA 9E-07 1,65E-07 3.59E-04 
C0- Carbon Monoxide k 1.06E+00 1.29E-02 3.33E-02 4.33E-01 1.54E+00 
C02 - Carbon Dioxide k 2.62E+03 
3.67E+01 3ý79E+01 1.74E+02 2,97E+03 
Cd - Cadmium k 
7.33E-05 4.13E-05 9.93E-06 1.30E-05 1.38E-04- 
H2S - Hydrogen Sulphide kg kg 3.01 
E-02 8.90E-05 
. 
9.67E-05 1.55E-0 4 3.04E-02 
14CI - Hydrogen Chloride kg 
5.1 6E -0 1 3.1 4E-03 5.67E-03 3.25E-02 5,57E-01 
Hg - Mercury kg 6,72E-05 
6.07E-07 6. OOE-07 3.13E-06 7.1 6E-05 
N20 - Dinitrogen Oxide kg 1.1 
8E-0 1 9.2 1 E-04 I. I 3E-03 5.94E-03 1.26E-0 I 
NH3 - Ammonia kg 1.08E-02 
5.10E-05 6.80E-05 2.98E-04 1.12E-02 - 
NOx - Nitrogen Oxides kg 7.20E+00 
7.46E-02 8.22E-02 4,74E-0 I 7,93E+00 
PAHs kg 1.72E-04 1.42E-06 9.40E-07 4.06E-06 1.7913-04 
Pb - Lead kg 8.60E-04 I 
8.40E-05 4.20E-05 3,46E-04 1 .33E -0 3 
Sox - Sulpher Oxides k 1.5 
3E +0 1 7.3 3E -0 1 3.20E-0 1 1.1 6E+00 I . 
75E+O I 
A 
Benzene - C6H6 k 7.50E-03 4.79E-04 9.63E-05 2 71E-03 1.09E-02 
Ethylbenzene t. cI ,z 
k 3.75E-03 4.23E-05 3.40E-05 1.99E-04 4.02E-03 
F ormaldehyde - Methanal F; rmaideh de k 9.45E-03 1.59E-04 1.20E-04 5.45E-04 1.03E-02 
! artlcl!, 1 es Particl ! 1, kg 7.47E+00 6.62E-02 1.7 1 E-0 I 6.55E-0 I 8.36E+00 
--- - Phenol - carbolic acid kg 49E-06 I 4.30E-09 5.57E-08 5.37E-08 4.64E-06 
Toluene kg 21 5.2 1 E-03 1.55E-04 8.03E-05 5,74E-04 6ý02E-03 
Vinylchloride - Chloroethene kg 51 8.5 1 E-04 5.69E-04 1.26E-04 1.93E-06 1,55E-03 
Xylene kg 1 67 1.67E-02 1.83E-04 1.52E-04 8.64E-04 1.79E-02 
Cesium Isotopes (134/137) kBq ý 12 I . 27E-0 1 5.9 3E -04 8.1 6E-04 3.7 2E -0 -1 112 E -0 1 
1129 p- Iodine kBq 1J I,, 1.43E-0 1 9.5 1 E-04 1.3 1 E-03 5.97E-03 1.5 1 E-0 I 
Rn222 - Radon kBq 3.95E+06 1.84E+04 2.52E+04 1.16E+05 4.1 1 E+06 
kBq 4.29E-02 2.85E-04 3.92E-04 1.79E-03 4.54E-02 
kBq 5.52E-06 3.67E-09 5.03E-08 2.38E-07 5.94E-06 
Uranium ISolopCS (234/235/238) kBq 1.96E-0 I 9.20E-04 _ T 1.08E-03 5.89E-03 2.04E-0 I 
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Emissions to Water Unit Laminates Wiring Inverter Other Total 
Ag - Silver 
kg 6.05E-06 2.82E-07 1.25E-07 6.55E-07 7.12E-06 
As - Arsenic 
k 
R 
2.30E-03 1.80E-05 2.3 1 E-05 8.82E-05 2.43E-03 
B- Boron k 1.72E-03 2.18E-05 1.67E-05 9.47E-05 1.85. E-03 
BOD k k 7.26E-03 3.50E-05 1.4 1 E-03 9.59E-03 1.93E-02 
CN - Cyanide 
kg 1.91E-04 5.97E-06 1.60E-05 1.04E-05 2.23E-04 
COD kg 3.93E-02 8.75E-04 5.77E-04 2.5 1 E-03 4.33E-02 
Cd - Cadmium 
kg 7.35E-05 9.60E-07 9.27E-07 3.64E-06 7.91 E-05 
Cl -Chlorine solutions 
kg 1.01E+02 3.06E-01 1.8713-01 8.89E-01 1.03E+02 
Cr3 - Chromium 
kg 1.16E-02 9.37E-05 1.18E-04 4.47E-04 1.2.2E-02 
Cr6 - Chromium 
kg 2.57E-06 1.7313-08 1.96E-08 1.11 E-07 2.72E-06 
Cu - Copper 
k P, 5.69E-03 4.50E-05 5.77E-05 2.19E-04 6.0 1 E-03 
H2S - Hydrosulphuric Acid 
kg 9.38E-05 1.93E-06 3,37E-06 2.14E-06 1.01E-04 
Hg - Mercury 
kg 2.13E-06 2.43E-08 1.70E-08 8.88E-08 2.26E-06 
NH3 - Ammonia 
kg 2.70E-02 6.0 1 E-04 3.15E-04 1.38E-03 2.93E-02 
PAHs kg 1.3013-04 6.30E-06 2.75E-06 1.4 1 E-05 1.53E-04 
Pb - Lead 
kg 9.27E-03 6.43E-05 9.07E-05 3.05E-04 9.73E-03 
vocs as C kiz 3.50E-03 1.69E-04 7.40E-05 3.87E-04 4.13E-03 
Benzene kg 1.36E-03 6.17E-05 2.72E-05 1.42E-04 1.59E-03 
Ethylbenzene kg 2.37E-04 1.12E-05 4.93E-06 2.60E-05 2.7 9E-04 
Formaldehyde kg 2.16E-06 I 7.13E-10 9.27E-10 8. 
, 
26E-10 . 2.16E-06 
Phenol kg 1.70E-03 7.23E-05 4.97E-05 1.6013-04 1.98E-03 
Toluene kg 1.23E-03 5.60E-05 2.46E-05 1.28E-04 1.44E-03 
Trichloroethylene kg 1.27E-04 8.53E-05 1.99E-05 2.94E-07 2.3 1 E-04 
Xylene kg 9.40E-04 4.43E-05 1.96E-05 1.02E-04 I. IIE-03 
Cesium Isotopes (134/2137) kBq 5.37E+01 2.86E-01 3.93E-01 1.79E+00 . 5.6 1 E+O 1 
1129 p- Iodine kB 8.17E+00 5.43E-02 7.47E-02 3.42E-01 8.64E+00 
Sr90 p Strontium kB 1.63E+O I 1.09E-0 I 1.49E-0 I 6.82E-01 
Tc99 - Technetiurn 
kB 1.43E+00 9.5 1 E-03 1.3 1 E-07 S 97F-0? 
Uranium 1 '238) kB 99 9.95E-02 6 90F-04 I I. - 
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Table xv: Life Cycle Inventory of IkWp of Poly-crystalline Silicon Building Integrated 
Phatavaltskir Claddina Q4vttpm_ 
Non-Energy Resources Unit L. 9"nate Wiring Inverter Other Total 
Ag - Silver kg 2.69E+00 2.52E-05 1.38E-05 5.55E-05 2.69E+00 
Bau)dte kg 9.2 1 E+00 2.66E-02 8.07E+oo 6.23E+01 7,96E+0-1 
Cu - Copper 
kg 9.86FAI 5.01E+00 9.05E-01 3.62E-02 6.93E+00 
Fe - Iron 
kg 1.14E+01 5.3 1 E-0 I 2.53E+00 1.02E+00 1.55E+01 
Pb - Lead kg_ 8.2 1 E-02 3.56E, 04 7.65E-04 4.67E-03 8.79E-02 
Sn -TM , 
kg 1.48E-01 1.40E-05 7.63F, 06 6.34E-05 1.48F, 01 
Zn -Zinc kg 3.58E-04 1.37E-05 
_ 1.53E-05 1.39E-03 1.78E-03 
Emissions to air 
_, 
As - Aisenic k-g 1.39E-04 1.44B4k 2.67E-06 1.21 F, 05 1.56E-04 
B- Boron kg 2.40E-02 1.94E-04 2.15E-04 1.35E-03 2.57E-02 
CH4 - Methane kg 5.96E+00 9.48E-02 7.87E-02 3.45E-01 6.48E+00 
CN - Cyanide kg 4.08E-04 6.77E-08 1.18E-07 1.79E-07 4.08E-0-4 
CO - Carbon Monomde kg 1.1 OE+00 1.29E-02 3.33E-02 4.69E-01 1.62E+00 
C02 - Carbon Dio)dde kg . 
2.24E+03 3.67E+01 3.79E+01 1.88E+02 2.50E+03 
Cd - Cadnium kg 6.28E-05 4.13E-05 9.93E4)6 1.40E-05 1.28E-04 - H2S - Hydrogen Sulphide kg 3.29E-02 8.90F, 05 8.67E-05 1.68E4)4 3.32E-02 
HCI - Hydrogen Chlodde k-g 3.87E-01 3.145-03 5.67E-03 3.52E-02 4.31 E4)1 
Hg - Mercuiy k-g 5.69E-05 6.07E-07 6. OOF, 07 3.39E-00 6.15E-05 
N20 - Dinitrogen OWe kg 1.01F, 01 9.21 E-04 1.13F, 03 6.32E-03 HNE-01 
NH3 - Anmionia k-g 1.1 OF, 02 5.1 OE-05 6.80E-05 3.12E-04 1.14E4)2 
NOx - Nitrogen Oýddes kg . 
6.53E+00 7.46F, 02 8.22E-02 5.14E-0 I 7.20E+(X) 
PAHs kg 
- 
1.72E-04 1.42E-06 9.40F, 07 _ 4.40FA)6 1.79E4)4 
Pb - Lead kg 7.74E-04 8.40F, 05 4.20E-05 3.75E-04 1.28E-03 
SOx- Sulpher Oýddes 
_ 
kg 1.34E+01 7.33E-01 3.20F, 01 1.26E+(X) 1.57E+-Ol 
Benzene - C6H6 kS 7.27F, 03 4.78E-04 8.63E-05 2.94E-03 1.09E-02 
Ethylbenzene k-g 3.19E-03 4.23E-05 3.40E-05 2.05E-04 3.47E-03 
Fornialdehyde - Methanal kiz 8.04F, 03 1.58E-04 1.20E-(g 
I 5.90E-04 8.91 E4)3 
Particles kR 7.25E+00 6.62E-02 1.71F, 01 7.1 OE-0 I 8.20E+(X) 
Phenol - carbohc acid k-g 1.23E-04 4.30E-08 5.57E-08 5.82E-OK 1.23E44 
Toluene kR 4.60F, 03 1.55E-(A 8.03E4)5 6.22E4A 5-46E-03 
Vmyichloride - Chloroethene kg 1.85E-03 5.69E-04 1.26E-04 2.09E-00 2.55E-03 
_ XvIene kg 1.43E-02 1.83F, 04 1.52E-04 9,36E-04 1.56F-02 
Cesiumlsotopes (134/137) kBq 6.45E-02 5.93E-04 8.16E-04 4.03E-03 7. (X)E-02 
1129 p- Iodine kBq 1.22F, 01 9.5 1 E-CA 1.3 1 E-03 6.47E63- E-0 I 
Rn222 - Radon kBq 1.99E+0(3 1.84E+04 2.52E'i)4 1.25E-H)5 2.16E-+i)O 
Sr9O p -Strontium 3.67F, 02 2.85F, 04 3.92E-04 PME-03 3.93E-02 
Tc99p -Technetium 
1 
4.72E-06 3.67F, 08 5.03E-08 2 57E-07 5.07E-0 () 
Uraniumlsotopes (234/235/238)- 9.57E-02 9.20E-04 1.08E-03 I 6.38E-03 l. o4E-01 - 
continued 
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Emissions to Water Unit Laminate Wiring Inverter Other Total 
Ag - Silver kg 5.4 1 E-06 2.92E-07 1.25E-07 7.1 OE-07 6.53E-06 
As - Arsenic kg 2.03E-03 1.80E-05 2.3 1 E-05 9.56E-05 2.17E-03 
B- Boron kR 1.47E-03 2.1 9E-05 1.67E-05 1.03E-04 1.61 E-03 
BOD kg 7.6 1 E-03 3.50E-05 1.41 E-03 1.04E-02 1.94E-02 
CN - Cyanide kg 1.80E-04 5.97E-06 1.60E-05 1.13E-05 2.13E-04 
COD kg 4.24E-02 8.75E-04 5.77E-04 2.72E-03 4.66E-02 
Cd - Cadmium kg 6.50E-05 9.60E-07 9.27E-07 
3.94E-06 7.08E-05 
Cl -Chlorine solutions kg 4.46E+01 3.06E-01 1.87E-01 9.63E-01 4.61E+01 
Cr3 - Chromium kg 1.03E-02 9.37E-05 1.1 8E-04 4.84E-04 1.09E-02 
Cr6 - Chromium kg 2.17E-06 1.73E-08 1.96E-08 1.20E-07 2.32E-06 
Cu - Copper kg 5.03E-03 4.50E-05 5.77E-05 2.37E-04 5.37E-03 
F12S - Itydrosulphuric Acid kg 9.32E-05 1.93E-06 3.37E-06 2.32E-06 1.0 1 E-04 
Hg - Mercury kg 1.82E-06 2.43E-08 1.70E-08 9.62E-08 1.96E-06 
NH3 - Ammonia kg 2.62E-02 6.01E-04 3.15E-04 1.49E-03 2.86E-02 
PAHs kg 1 1.1 7E-04 6.30E-06 2.75E-06 1.53E-05 1.42E-04 
Pb - Lead kg 7.25E-03 6.43E-05 9.07E-05 I 3.30E-04 7.74E-03 
VOCs as C kR 3.14E-03 1.69E-04 7.40E-05 4.19E-04 3.80E-03 
Benzene kg 1.23E-03 6.17E-05 2.72E-05 1.54E-04 1.47E-03 
Ethylbenzene kg 2.1413-04 1.12E-05 4.93E-06 2.8 1 E-05 2.58E-04 
Formaldehyde kg 4.3 1 E-06 7.13E-10 9.27E-10 8.95E-10 4.3 1 E-06 
Phenol kg 1.55E-03 7.23E-05 4.97E-05 1.73E-04 1.84E-03 
Toluene kR 1.11 E-03 5.60E-05 2.46E-05 1.39E-04 173E-03 
Trichloroethylene kg 2.77E-04 8.53E-05 1.88E-05 3.19E-07 3.82E-04 
Xylene kR 8.4 1 E-04 4.43E-05 1.96E-05 1.11 E-04 1.0213-03 
Cesium IsotopeS (134/2137) kBq 1.07E+02 2.86E-01 3.93E-01 1.94E+00 1.09E+02 
1129 p- Iodine kBq , 6.99E+00 5.43E-02 7.47E-02 3.70E-01 7.49E+00 
SrOO p Strontium k 1.40E+01 1.09E-01 1.49E-01 I 7.39E-01 1.50E+01 
Tc99 - Tcchnetium kBq 1.22E+00 9.5 1 E-03 1.3 1 E-02 1 6.4 7 
F-0 2 1.3 1 E+00 
Uranium Isotopes (234/235/238) B kB 8.39E-02 
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Appendix 6-5: Comparing the Primary Energy Input for the 
Production and Installation of Building Integrated Photovoltaic 
Systems with the Primary Energy Input of Conventional cladding 
Systems. 
This Appendix lists the energy analysis results for the complete BiPV systems on a 
per in 2 of system basis. It compares this with the energy analysis results of 
conventional cladding systems of the same size. The energy resource use data in 
Table xvi are from the ETH Zurich Life cycle inventory database (Frischknecht et al., 
1994). The first 2 columns show the energy resources used to provide the energy in 
manufacturing and installing each M2 of m-Si and p-Si BiPV facades. The 3rd column 
shows the energy resources used to manufacture and install the Support structure per 
m2 of PV fagade and the remaining 3 columns show the energy resources used to 
manufacture I M2 of 3 types of conventional cladding panels, aluminium, coated Oass 
and steel. This is based on the material requirement calculations in Table 6-4 of 
Chapter 6. 
Using energy conversion factors, as shown in Table iii of Appendix 5-1, these energy 
resource use figures are converted to primary energy equivalents. Table xvii shows 
the embodied primary energy in MJ to manufacture and install each M2 of BiPV 
facade systems. These results form part of the avoided energy analysis results that are 
presented graphically in Chapter 6. 
Table xvi: Comparing the Energy Resources Used to Manufacture and Install Building 
Integrated Photovoltaic Cladding Systems With Those Used to Manufacture Conventional 
Cladding Systems on a per m2 Basis. 
Ehergy Pioowoe Ue tidt m-S faca& p-S 6KWe Support Sbudm Ahmiiitim Womr- CbnW Clm Steel (phin) 
BRmnoM kg 1.09EKE 8.57E-+Ol 448E4W 1.7lEfOl 1.04EICO 7. (PL4W 
Ch&cil kR 298&01 251E+01 280E+W 8.91 L-+Co 9-16GOI 455E+OD 
ch& Star ocal kg 9 73EfOl 8 OOU-+Ol 3.5OF400 1.32E-fOl 4WýKn 3 55F+01 
Mnews kg 687F, 01 5.64SOI 1 2 51 E-CQ 9, CFC2 3.1AGM 2CAF, 01 
Nmral ýps m3 252E+01 1.95E+01 8.91501 3.37E+00 7.57FO 1,8w4w 
Od gas rri3 IAEýa 1.22Ea 1.36F, 01 4.33F, 01 40fiF, -Q 2 21 E-O I 
Hyft Bectnuty M 5.49E+CP- 44SE4C2 1.9x-+Ol 7.52E+01 458E+00 3.12E+01 
U- Lhanun l kg I 7.7]FCB I 6.16&CB 3.04E-04 1.16F, (B 7.06E-05 483BO4 
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Table xvii: Comparing the Equivalent Primary Energy Used to Manufacture and Install Building 
Integrated Photovoltaic Cladding Systems With Those Used to Manufacture Conventional 
Cladding Systems on a per M2 Basis. 
Primaq Energy Ue Unit m. -Si facadel p-Si facade Support Structure Aluninium 50% rec. Coated Gass Steel (plain) 
Browncoal MJ 9.49E402 7.5 1 E+02 3.92E+O I 1.49E+02 9.07E+00 6.20 1 
Crude ofl MJ 1.32E-+03 1.12E+03 1.23E402 3.93E+02 3.69E+O 1 2.0 1 E+02 
Crude stone coal MJ 1.80E-+03 1.48E+03 6.48E+01 2.45E-+02 8.99E+O I 6.57E+02 
Mine gas MJ 2.60E-+OI 2.14E+01 9.51E-01 3.57E+00 1.49E400 1.1 OE401 
Natural gas MJ 9.3 1 E+02 . 
7.23E+02 3.30E+O I 1.25E+02 2.80E+02 6.97FO I 
Ofl gas MJ 6.23E-+O I 5.29E-+O I 5.94E+00 1.86E+01 1.75E+00 9.50E+00 
Hydro Electficity MJ 5.49E+02 4.50E+02 1.90E+01 7.52E+O I 4.58E+W 3 . 
12E+01 
JU - Umnium MJ 3.5 1 E+03 2.81E+03 1 1.39E+02 I 5+28E+02 3.21E-1,01 I 
_ 2.20P02 
ITotal j MJ 9.14E-+03 7-41E403 I 4.25E+02 I 1. -14E+03 1 4. -%E+02 
1 1. 
ý4r 
444bý 
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Appendix 6-6: Comparing the Streamlined Life Cycle Inventory for 
the Production and Installation of Building Integrated Photovoltaic 
Systems with Conventional Cladding Systems. 
The following 2 pages constitutes a comparison of streamlined life cycle inventories 
for BiPV cladding systems, per m2 with the same inventory for conventional cladding 
materials covering the same area. It is based on the data from the ETH Zurich Life 
cycle inventory database (Frischknecht et al., 1994) and the material use figures for 
convetmonal cladding systems calculated in Table 6-4 of chapter 6. The first 2 
columns show the streamlined life cycle inventory of manufacturing and installing 
each m2 of m-Si and p-Si BiPV facades. The P column shows the same inventory 
used to manufacture and install the support structure per M2 of fagade and the 
remaining 3 columns show the energy resources used to manufacture I M2 of 3 types 
of conventional cladding panels, aluminium, coated glass and steel. 
Table xvii: Comparing a Streamlined Life Cycle Inventory of the Manufacture and Installation of 
Building Integrated Photovoltaic Cladding Systems with the Same Life Cycle Inventory for the 
Manufacture of Conventional Cladding Systems on a per M2 Basis. 
Non-enerp Resources Unit m-Si facade p-Si facade Support Structure_ Aluminium 50% rec. Coated Glaks S 
Ag - Silver k 3.23E-01 3.23E-01 6.66E-06 3.21 E-05 2.63 E-06 1.50E-05 
Bauxite kg 9.73E+00 9.44E+00 7.48E+(X) 2,99E+01 8.05E-03 3.49E-02 
Cu - Copper kg 9.05E-0 I 7.44E-01 4.34E-03 1.46E-02 1.23E-03 1.27E-02 
Fc - Iron kg 2.20E+00 1.82E+00 1.22E-01 3.03 E-0 I 2,30E-01 3.99E+01 
Pb - Lead kg 1.15E-02 1.05E-02 5.61 E-04 9.37E-04 1.80E-04 4.05E-04 
Sri - Tin kg 1.78E-02 1.78E-02 7.61 E-06 1.79E-05 1.46E-06 g.. 34E-06 
Zn - Zinc kg 2.23E-04 2.13E-04 1.67E-04 1.99E-05 2.03E-06 __ 7.85E-05 
Emissions to Air 
As - Arsenic kg 2.29E-05 1.86E-05 1.45E-06 5. OOE-06 3,50E-07 6.75E-06 
B- Boron kg 3.91E-03 3.08E-03 I 1.62E-04 6.15E-04 3.97E-05 
CH4 - Methane kg 9.49E-0 I 7.75E-01 4.15E-02 1.4KE-01 9.45E-02 3,24E-01 
CN - Cyanide kg 4.66E-05 4,90E-05 -3.15 E-08 3.58E-08 4.98E-08 1.31 E-06 
CO - Carbon Monoxide kg 2.01E-01 1.93E-01 5.62E-02 9 34E-02 5.96E-02 3.03E-02 
C02 - Carbon Dioxide kg 3.73E+02 2.99E-+02 2.26E-01 8.04E-01 . 3.13E+01 7.81 E+01 
Cd - Cadmium kg 1.79E-05 1.46E-05 1.68E-06 6.17E-06 2.30E-07 -' -4.90E-00 
H2S - Hydrogen Sulphide kg 3.96E-03 I 3.98E-03 2.01E-05 7.50E-05 1.53E-04 I 6.85E-04 
HCI - Hydrogen Chloride kg 7.24E-02 5.16E-02 4.23E-03 1.62E-02 2.07E-03 -1 -3 99E-03 
Hg - Mercury k 9.31 E-06. 7.37E-06 4.07E-07 I 49E-06 1.80E-07 I 1,5-5F, 00 
N20 - Dinitrogen Oxide kg 1.64E-02 1.31E-02 7.59E-04 2.72E-03 1.98E-04 HY)E-03 
NH3 - Ammonia kg 1.46E-03 1.37E-03 3.75E-05 1.42E-04 1.40E-03 3.03E-04 
NOx - Nitrogen Oxides kg - 
1.02E+00 8.62E-01 6.17E-02 2.02E-01 4.62E-02 1.73E-01 
PA Hs kg I 2.32E-05 2.14E-05 I 5.29E-07 2.04E-06 1.99E-07 1.19E-06 
Pb - Lead kg 1.73E-04 1.5 1 E-04 4.50E-05 2,43E-05 3,04E-06 2.21 E-04 
Sox - Sulpher Oxides kg 2.28E-00 1,87E+(X) _1,51 
E-01 5.59E-01 4.33E-02 2.61 E-0 I 
Benzene - C6H6 kg IAOE-03 1.28E-03 3.53E-04 1.38E-04 1.86E-05 1,99E-04 
Ethylbenzene 
- 
kg 5.23E-04 4.15E-04 2.40E, 05 9.03E-05 6.05E-06 
. 
3.91 E-05 
Formaldehyde - Methanal kg 1.34E-03 1.07E-03 7.08E-05 2.06E-04 1.59E-05 9.02E-05 
Particles kg 1,09E+00 9.81E-01 8.52E-02 3.11 E-0 1 1.11 E+(X) I 39E+(X) 
phenol - carbolic acid kg 6.04&07 1.47E-05 6.99E-09 9.62 E-09 1.40E-08 2. (AE-07 
Toluene kg 7.83E-04 6.52E-04 7.47E-05 1.71 E-04 I 5F)E-()5--J -I. 05E-04 
Vinylchloridc - Chloroethene kg 2.01E-04 2,95E-04 2.51 E-07 1.04E-00 8.47E-08 1.48E-00 
Xylene 
_ 
kg 2.32E-03 1.87E-03 1.12E-04 3.92E-(A 3.75E-05 2. OOE-(A 
Cesium ISolOpeS (134/137) kBq 1.72E-02 8.38E-03 4.83E-04 1.84E-03 1.12 E-04 7.66E-(A 
1129 p- Iodine kBcj 1.97E-02 1.57E-02 7.77E-(A 2.95E-03 I. FA)E-(A 1.23E-03 
Rn222 - Radon LB 5.34E+05 2.59E+()5 1.51 E+(A 5.73E-04 3.48E+03 2.39E+(A 
IS190 1) - Strontium kB 5,90E-03 4.71E-03 2.33E-04 I 9.96E-04 5.39E-05 1 3 69E-(A 
JTc99 P- Technetium kBq 7.60E-07 - 
6.07E-07 3.09E-08 1.14E-07 6.93 E 
jUranium ISotopeS (234/235/238) kBq7 2 65E-02 1.25E-02 7.06E-04 2.91 E-03 2AX)FA4 I 1.28E-OT- 
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Fn"ons to Water Lkft M-s P-S SupponStnwtum Aluninmn5&Vomt Gw&MChtss S(M(pimn) 
Ag - Silver lqz 9.25E-07 7.78S07 8.52E-08 
. 2.72E-07 2.54E-08 1.38E, 4)7 
As - Aisemc km 3.16F, 04 2.59E-04 1.15Fe 4.32ffl 1.57E-05 1.16F, 04 
B-Bom kg 2,41E-04 1.92E, 04 I. 23E-05 4.42E05 3.18E-06 1.97F, 05 
BOD kg 2.38E-03 2.3 1 E-ffl 1.25E-03 4.79E-03 4.69B-06 1. m05 
CN - CY=& kg 2.90E-05 
1 2.53E-05 1.35E-06 4.1 lE4A 2.66E-06 2.25E-04 
COD kg 5.63E-03 5.57E-03 3.26E-04 5.63E-04 2.08E4)4 3.29E4» 
Cd - Cajffuum kg 1.03E-05 8.48E-06 4.73E-07 1.67F, 4)6 4.60F, 07 6 11 E-06 
(1 -Chlorine s"cns kg 1.34E401 5.52E-i, 00 1.16E-01 3.76M1 6.0gEf00 4.97F, 0 1 
Cr3 - Chrermum kg 1.59E-03 1.31E-03 5.82E-05 2.17E-04 8. OOF, 0-5 6.96E4)4 
06 - Chmmtim kg . 
3.54E-07 2.78E-07 1.44ffl 5.58E-08 1.40E4M 2.80E-(* 
C 
,u- 
Ccplxr km 7.82E-04 6.43ffl 2.85S05 1.07F, 04 3.94B05 3.08S04 
_ WS - Hwhusulphufic Acid kg 1.32E-05 1.20FÄ)5 2.79E-07 1.02E-06 1.42F, 06 3.73G05 
119 - Nbue 
kg 2.93E-07 2.35F, 07 1.15E-08 4.32E-08 2.66E-08 2, (X)E-08 
M-B - Annma _ 
kg 3.81 E-03 3.42E4)3 
ý1.79F, 
04 5.35E-04 4.48FAB 1.2OF, 03 
PAII ! i- 1.99E-05 1.69E-05 
_I. 
84E-06 5.81E-06 5.54E-07 i-2-iF-A)6 
Pb - Lead kg 1.27E-03 9.27M4 3.97S05 1.47E-04 454ffl 1. ]3F, 03 
v0cs as C kg 5.37E-04 4.52F, 04 5.03E-05 1.61E-04 1.51E-05 8.2()ffl 
BMMIC kg 2.07S04 1-75S04 1.85Eý05 5. WE-05 6.84E-06 3.02E4)5 
Ediýibenzem kg 3.63E435 3.07F, 05 3.38E-06 LKIE-05 1. OIF, 06 5.47F, 4)6 
Foffnaldchý& kg 2.81S07 5.18E-07 1.07E-10 1.60F4» 2.43F, 10 4.40E-09 
Phonol kg 2.57E-04 2.20E-04 2.08E-05 6.62E-05 8. ME-06 3.55E-W 
Toluene 
- 
! j_ 1.87E4)4 1.58E-04 1.67E-05 5.33E-05 6.17E4)6 2.73Ee 
TiidýoroeNcm W 3. OIE-05 4.43E-05 3.92E4M 1.55F, 07 _ 1.27E4)8 2.22E4)7 
Xgenc 
ý 
kg 1.44E-04 1.21E-04 1.33E-05 4.24E-05 4.91 B-06 2. )7F, 4)-5 
CioSium LcÄDtq)cS (1-34/2137) kBq 7ý30Eý00 1.31E+01 2.33&01 9.98F101 5. ik)F, 02 3ý 69E0 1 
1129 p- lod= kBq 1.12E+00 8.97E-01 4.44F, 4)2 1.69E-01 1.03E-M 7.01 E4)2 
sm p Smourn k13q 2.25E+00 1.79E-« 8.87E4)2 3.37F, 01 2.0.5E42 1.40E-01 
TCW - Tedulehum kBq lý97E-01 . 
57E-01 7.77F, 03 2.95E-02 1. w)Goi 1.13&02 
lsoüoM (234/23S238) kBq 1.37E-02 1.0gE. 02 5.67E-04 2. ]5E-03 1.31F, 04 8.93E-04 
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Appendices for Chapter 7. 
Appendix 7-1: Comparison of the Primary Energy Input for the 
Production, Transmission and Distribution of 1TJ of Electricity from 
Photovoltaics with Conventional Electricity Supply Alternatives. 
This Appendix compares energy analysis results for the production of ITJ of 
electricity from PVs and conventional sources. It is based on data from the ETH 
Zurich life cycle inventory data base (Frischknecht et al., 1994). For the conventional 
sources the individual technologies are considered as well as the Average European 
mix of 1990 and the LJK mix of 1990 and 1997. Tables i, ii and iii show the amount 
of energy resources used to produce ITJ of electricity. For the PV systems this is 
equivalent to 13.07 kWp if BiPV facade or 9.26 kWp of central PV plant as this is the 
size of the respective plants that would produce ITJ of electricity over their 25 year 
lifetime under the assumptions made in this thesis. Tables iv, v and vi show the same 
data but in terms of primary energy equivalent - converted using the energy 
conversion factors recorded in Table iii of Appendix 5-1. The data in this appendix 
are used for the energy analysis results presented in chapter 7. 
Table i: Energy Resource Use for Photovoltaic Systems per TJ of Electricity. 
Energy Resource Use Unit U it m-Si int. facade Net rn-Si int. facade p-Si int. facade Net P-Si int. facade Central PV plant 
browncoal k 1.09E+04 1.04E-+i)4 9.35E-q)3 9.73E+03 1,07E+04 
crude oil k 3. OOE+03 2.63E+03 2.76E+03 2.3TET03 4.50E+03 
crude stone coal kg 9,78E+03 8.94E+03 8.73E+03 7. W)E+03 1,24E+04 
mine gas kg 6.91 E+O I 6,26E+01 6.15E+01 5.44E+01 9.04 E +0 1 
natural gas m3 2.53E+03 1.69E+03 2.13E+03 1.20E+03 I 2,97EfO3 
oil gas m3 1.46E+02 1.28E+02 1.34E+02 1.14E+-02 2.1 9E44)2 
potent, energy water Mi 5.52E+04 5.29E+04 4.90E+04 4.63E+04 5.21 E KA 
U- Uranium kg 7.75E-01 7.37E-01 6.72E-01 6.30E-01 1 7 51 E-0 I 
Table ii: Energy Resource Use for Conventional Electricity Supply Options per TJ of Electricity 
Produced. 
Energy Resource Use Unit Oil 
, 
Lignite Hard coal Nuclear Gas Hydro 
browncoal kg 1.19E+03 4.05E+05 L91E+03 2.61E+02 4.25EfO2 931Lfol 
crude oil kg 7.5 1 E+04 5.7713+02 2.77E+03 2.33E+02 1.83 E4 03 7 75E+01 
crude stone coal kg 1.39E+03 1.53E+03 1.68E+05 3.12E+02 1.62E404 2.76Eý02 
nune gas kg 1.03E+01 6.76E+01 Iý 15E+03 2.30E+(X) 1.35E+02 1.99E+00 
natural gas m3 Z23E+02 2.82E+02 5.15E+02 3.92E+02 6. (, OF+()4 2.1 8F4 () I 
oil gas m3 3,65E+03 2.80E+O I 1.34E+02 1.13 E+O I 8. ()OE+01 3.77E+00 
_ potent. energy water MJ 5.35E+03 7.46E+03 8.48E+03 1.7413+03 1.89E+03 1.28E+06 
U- Uranium kg 8.17E-02 1.15E-01 1.3 1 E-01 7.96E+00 2.90E-02 6.34E-03 
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Table iii: Energy Resource Use for Conventional Electricity Supply Mixes and electricity 
Transmission and Distribution per TJ of Electricity. 
Energy Resource Use Unit Av Euro Mix UK Mix 1990 UK Mix 1997 Tran + Dis 
browncoal kg 4.35E+04 1.37E+03 9.59E+02 4.97E+02 
crude oil kg 8.13E+03 8.2 1 E+03 3.04E+03 3.95E+02 
crude stone coal kg 3.3 1 E+04 1.05E+05 6.06E+04 7.32E+02' 
mine gas kg 2.35E+02 7.2 1 E+02 4.23E+02 5.84E+00 
natural gas m3 6.63E+03 2.22E+03 2.07E+04 1.91E+02 
oil gas m3 3.95E+02 3.99E+02 1.48E+02 1.9 1 E+O I 
potent. energy water mi 1.91E+05 3.3 1 E+04 4.24E+04 1.64E+03 
U- Uranium kg 2.96E+00 2.0 1 E+00 2.12E+00 2.97E-02 
Table iv: Primary Energy Use for Photovoltaic Systems per TJ of Electricity Produced. 
Primary Energy Use in MJ Unit m-Si int. facade Net m-Si int. facade p-Si int, facade Net p-Si int. facade Central PV plant 
browncoal mi 9.54E+04 9.06E+04 8.1 9E+04 7.64E+04 9.38E+04 
crude oil mi 1.32E+05 1.16E+05 1.22E+05 I ý03E+05 1.99E+05 
crude stone coal Nu 1.91E+05 1.65E+05 1,62E+05 1.44E+05 2,29E+05 
mine gas MJ 2.61E+03 2.37E+03 2.33E+03 
_2.06E+03 
3.42E+03 
natural gas mi I 9.36E+04 6.21E+04 7.87E+04 4.43E H)4 1.06E+05 
oil gas MJ 6.26E+03 5.50E+03 5.76E+03 4,99E-+03 9.39E+03 
potent. energy water Ivu 5.52E+04 5.29E+04 4.90E+04 4.6 3E +04 5.2 1 E+04 
U- Uranium mi 3.53E+05 3.36E+05 3.06E+05 2.96E+05 3.42E+05 
Total mi 9.19E+05 8.3 1 E+05 8.06E+05 7.08E+05 1.03E4-06 
Table v: Primary Energy Use for Conventional Electricity Supply Options per TJ of Electricity 
Produced. 
Primary Energy Use in MJ Unit Oil 
_ 
Lignite Hard-coal Nuclear Gas Hydro, 
- browncoal MJ 1.04E+04 3.54E+06 1.67E+04 2.28E-i 03 3.72E+03 8,15E402 
crude oil MJ 3.3 1 E+06 2.55E+04 1.22E+05 1.03E f 04 8.07D 04 _ 3.42E + 03 
crude stone coal MJ 2.56E+04 2.83E+04 3.11 E+06 5.77E+03 3. OOE M5 5.1 OE +03 
mine gas MJ 389E+02 2.56E+03 4.36E+04 8.72E f01 5.11 EI-03 - 7.52E+01 
natural gas MJ 8.25E+03 I 1.04E+04 1.91 E+04 1.45E4-()4 2.44E +-06 9.07E+02 
oil gas Mj 1.57E+05 1.20E+03 5.77E+03 4.85E+02 3. X2E+03 1.02E+02 
potent. energy water MJ 5.35E+03 7.46E+03 8.48E+03 1.74E+03 1.89E+03 1,29E+06 
U- Uranium Mj 3.72E+04 5.25E+04 5.94E+04 3.62E+06 1.32E'-04 _ 2.88E+03 
ITotal MJ 3.56E+06 3.67E+061 3.38E+06 3.66E+06 2. H5E+06 1.29E+06 
Table vi: Primary Energy Use for Conventional Electricity Supply Mixes and Electricity 
Transmission and Distribution per TJ of Electricity. 
Primary Energy Use in MJ Unit Av Euro Mix UK Mix 1990 UK Mix 1997 Tran + Dis 
browncoal mi 3.8 1 E+05 1.20E+04 7.50E+03 4.35E+03 
crude oil mi 3.58E+05 3,62E+05 1.34E+05 1.74E+OT 
crude stone coal mi 6.12E+05 1.94E+06 1.12E+06 1.35 4 
mine gas mi 8.90E+03 2.73E+04 1.60F W4 2.2 1E4 02 
natural gas mi 2,45E+05 8.20E+04 7.67E+05 7.08E+03 
oil gas mi 1.70E+04 1.71E+04 6.35E+O-l 8.2 1 E+02 
potent. energy water mi 1.91E+05 3.3 1 E+04 4.24E+04 1.64E+03 
U- Uranium mi 1.35E+06 9.13E+05 9.66E+05 1.35E+04 
ITotal mi 3.16E+06 3.39E+06 3.06E+06 5.86E+04 
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Appendix 7-2: Comparison of the Streamlined Life Cycle Inventory 
of Producing I. TJ of Electricity from Photovoltaics with Conventional 
Alternatives. 
The following 6 pages constitute a streamlined life cycle inventory for the generation 
of ITJ of electricity from alternative sources. It is based on the life cycle inventory 
database from ETH Zurich (Frischknecht et. al. 1995). It provides a comparison of the 
non-energy resources used and emissions released to air and water for electricity 
production from PVs and conventional sources of electricity. Table vii shows a 
streamlined LCI for electricity production from photovoltaics comparing m-Si and P- 
SI integrated facades and a central PV plant on a per TJ of electricity produced basis. 
This represents systems of 13.07 kWp for the BiPV faqades and 9.26 kWp for the 
central PV plant. 
Table vii: Streamlined Life Cycle Inventory for Photovoltaic Systems per TJ of Electricity 
Produced. 
Non-energy Resources Unit m-Si int. facade Net m-Si int. facade p-Si int. facade Net p-Si int. facade Central PV plant 
Ag - Silver kg 3.25&ý-Ol 3.25E+01 3.52E+O I 3.52E-01 2,30E-4)1 
Bauxite kg 9.78E402 2.25E+02 1.04E+03 2.25E ý02 1.92E+03 
Cu - Copper k& 9.09E+O I 9,04E-01 9.06E, 01 9. OOE+O I 2.32E+02 
Fe - Iron kg 2.21E+02 1,86E-02 2.03E-02 1.64E+02 3.57E, 03 
Pb - Lead kg 1.15E+00 1.08E+00 1.15E+I)o 1.07E+00 1,55E+00 
S-n - Tin kg 1.79EA0 1.79E, 00 1.94E-00 1.94E-00 1.27E+00 
Zn - Zinc kg 2.25E-02 5.46E-03 2.33E-02 4.83E-03 2.07E H)2 
Air Emissions 
As - Arsenic kg 2.31E-03 2.12E-03 2.03E-03 1.84E-03 2.38E-02 
B- Boron kg 3,93E-01 3.73E-01 3.37E-01 3.15E-01 3.95E-01 
CH4 - Methane LE- 9.54E+01 8.28E+01 8.47E, 01 7.09E+01 1.25E+02 
CN - Cyanide kg 4.69E-03 4.68E-03 5.34E-03 5.33E-03 3.46E-03 
CO - Carbon Monoxide kL_ 2.02E+01 8,62E+00 2.11 E+O I 9.63E+00 4.32E-f-01 
C02 - Carbon Dioxide k&_ 3.75E+04 3.21E+04 3.27E+04 2.68E+04 4.78E+04 
Cd - Cadmium kg 1.80E-03 1.61E-03 1.67E-03 1,47E-03 1.39E-02 
12S - Hydrogen Sulphide kg 3.98E-01 I 3.81E-01 4.34E-0 I 4.15E-01 3.61E-01 
- 
HCI - Hydrogen Chloride kg 7.28E+00 6.65E-q)O 5.63E-4)0 4.94Eý00 7.06E ý00 
Hg - Mercury kg 9.35E-04 8.76E-04 8. (AE-04 7.40E-04 2.71 E-03 
N20 - Di nitrogen Oxide kg 1.65E+00 1.55E-00 1.43E-00 1.32E+00 1.7 1 E+00 
NH3 - Ammonia kg 1.46E-01 -4.62E-03 1.49E-01 I -1.44E-02 1.77E-01 
NOx - Nitrogen Oxides kg 1.02E+02 9.15E -4)l 9.4 IE-01 8.23E-01 1.69E+02- 
PAHs 
_ 
kg I 2.33E-03, 2.26E-03 2.34E-03 2.26E-03 2.24E-03 
Pb - Lead _ 
kg 1.74E-02 1.26E-02 1.67E-02 1.14E-02 4.20E-01 
Sox - Sulpher Oxides kg 2.29E+02 2.1 OE-O-; , 
2,05Eq)2 1.84E+02 1.04E+OT- 
Benzene - C6H6 kg 1.41E-01 1.04E-01 1.41E-01 LOOE-01 1.56E-01 
Ethylbcnzcne - C6H5C2H5 ý&- 5.25E-02 4.95E-02 4.53E-02 I 4.20E-02 5.45E-02 
Formaldehyde - Methanal kS 1.34E-01 1.26E-01 1.16E-0 I 1.07E-01 1.43E-01 
Particles kg 1.09E-4)2 - 1.09Eý4)1 1,07E4)2 -2.3 1 E+O I 3.01E+02 
Phenol - carbolic acid kg 6.07E-05 5.85E-05 1,61E-03 1.60E-03 2.74F-03 
Toluene - C6H5CH3 kg 7.97E-02 6,96E-02 7.14E-02 6,15E-02 LWE-01 
Vinylchlondc - Chloroethene kg 2.02E-02 2.02E-02 3.33E-02 3.32E-02 9,29E-03 - 
Xylene kg 2,33E-01 2.1 8E-0 I 2,04E. 01 - 1,88E-01 2,47E-0 I 
Csl37 and 134 - Cesium Isotopes kBq 1.73E-H)O 1.67E+00 9.15E-01 8.50E-01 1.55E-H)o 
1129 p- Iodine kBq 1.98E+00 1.88E+00 1.71E+00 1.60E-H)O 1.91E+-00 
Rn222- Radon kBq 5.37&-07 5.19Eý07 2.83E, 07 2,63E+07 4.92E44)7 
S190 p -Stronflum kBq 5.93E-01 5.64E-01 5.14E-01 4.83E-01 5,75E-01 
Tc99 p- Techneti um kB3_ 7.64E-05 7.25E-05 6.62E-05 6.2 1 E-05 I 7.39E-05 . 
U234,235 & 238 - Uranium Isotopes kBq 2.66E+00 I 2.56E+00 1.36E+00 1.26E+00 I 2.48E44)0 , 
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Emissions to Water Unit m-Si int. facade Net m-Si int. facade p-Si int. facad Net p-Si int. facade Central PV plant 
Ag - Silver kg 9.30E-05 8.19E-05 8.54E-05 7.33E-05 1.381-1-04 
As - Arsenic 
! L- 3.17E-02 2.90E-02 2-93E-02 2.54E-02 4.02E-02 
B- Boron kg 2.42E-02 2.27E-02 2.1 OE-02 1.93E-02 2.62EI-02 
BOD - Biochemical Oxygen Demand kg 2.39E-01 1.13E-0 I 2.54E-01 1.18E-0 I 3.81E-01 
CN - Cyanide 9 1. 
IE-03 2.51E-03 2.79E-03 2.35E-03 2.19E-02 
COD - Chemical Oxygen Demand kg 5.66E-0 1 5ý 12E-0 I 6.09E-01 5.5 1 E-O I 7. OOE-01 
Cd - Cadmium 
kg 1.03E-03 9.40E-04 9.26E-04 8.25E-04 1.571: -03 
Cl -Chlorine solutions (total) kg 1.34E+03 7.22E+02 6.02E-ý-02 -7.19E+01 1,07E+03 
Cr3 - Chromium k 1.60E-01 1.46E-0 I 1.43E-01 1.28E-01 2.131-', -Ol 
Cr6 - Chromium kg 3.56E-05 3.27E-05 3.04E-05 2.73E-05 4.08E-05 
Cu - Copper 
kg 
- 
7.86E-02 7.18E-02 7.02E-02 6 T8E-02 
H2S - Hydrosulphu6c Acid 
kg 1.32E-03 1.15E-03 1.32E-03 1. BE-03 4.29E'-03 
Hg - Mercury kA 
2.95E-05 2.57E-05 2.56E-05 2.15E-05 3.20E-05 
N143 - Ammonia ! &- 3.83E-01 -8.58E-02 3.74E-0 1 -1.34FI-01 5.24E-01 
PAHs kg 2. OOE-03 1.76E-03 1.85E-03 
. 
1.59E-03 _ 2.99E-03 
Pb - Lead kg 1.27E-0 I Iý 19E-O I LOIF-ol 9.19F-02 2-10E-Ol 
VOCs as C kg 5.40E-02 4.74F-02 4.96E-02 475E-02 8. IOE-02 
Benzene kg 2.08E-02 1.83E-02 1.92E-02 1.65E-02 3. IOE-02 
Ethylbenzene kg I 3.65E-03 3.21E-03 3.37E-03 2.89E, 03 5.441-'-03 
Formaldehyde kg 2.83E-05 2.82E-05 5.64E-05 5.63E-05 8.241-l'-05 
Phenol kg 2.59E-02 2.29E-02 2.41F-02 2.09E-02 6.26E-02 
Toluene kg 1.88E-02 1.65E-02 1.74E-02 1.49E-02 2.81F-02 
Trichloroethylene ksz 3.02E-03 3.02E-03 4.99E-03 4.99E-03 1.39E-03 
Xylene kg 1.45E-02 1.26E-02 1.331, *-02 1ý BEI-02 2 16E-02 
Cs 134 & 137 - Cesium Isotopes_ La 7.34E+02 7.05E-02 1.43E+03 1.401-', +03 &75E+02 
1129 p- Iodine kBq 1.13E-02 1.07E+02 9.79E, 01 9.19E+01 1-09E-02 
sr9o p Strontium kBq 2.26E+02 2.15E+02 1.96E+02 1,841-1,02 2.181 ý', -02 
JTc99 - Technetium J kBq I 1.98E+01 1.88E4,01 1.711-'1+01 1,61 [ ý +0 1 1.9 1 1", +o I 
JU234,235 &238 - Uranium Isotopes j kBq I 1.38E+00 1.31 . T 
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Table viii lists a streamlined LCI for the generation of ITJ of electricity from 
alternative conventional forms of electricity. This is based on data for average 
European plants in 1990. 
Table viii: Streamlined Life Cycle Inventory per TJ of Electricity Produced from Conventional 
Forms of Electricity Provision. 
Non-energy Resources Unit j Oil Li2nite Hard coa I T Nuclear Gas Hydro I 
Ag - Silver kp- 2.2 1 E-0 I 1.74E-03 8.29E-03 7.07E-04 5.55E-03 2.44E-04 
Bauxite kg 1.45E+01 1.1 OE+O I 2.28E+01 2.43 E+O I 2.07E+01 3.46E+00 
Cu - Copper kg 5.3313+00 5.60E+00 8.19E+00 2.38E+00 4.70E+00 1.46E-01 
Fe - Iron kg 5.68E+02 3.14E+02 7.97E+02 1.25E+02 5.54E+02 1.76E+02 
Pb - Uad kg 8.90E-02 1.79E-02 9.32E-02 2.55E-02 2.78E-02 7.33E-03 
Sn - Tin kg 1.23E-01 9-68E-04 4.61 E-03 3.93E-04 3.08E-03 1.35E-04 
Zn - Zinc kg 2.83E-02 2. OOE-03 6.37E-02 3.85E-03 2.88E-03 7.9 1 
E-04 
Air Emissions - 
As - Arsenic kg 2.77E-02 4.80E-03 2.01E-02 8.12E-05 3. OOE-04 5.02E-OT 
B- Boron kg 4.3 1 E-02 1.31E+01 8.84E-0 I 9.46E-03 1.68E-02 3.40E-03 
CH4 - Methane kg 3.06E+02 7.47E+O 1 1.17E+03 5.6313+00 4.96E+02 2.45E+00 
CN - Cyanide kg 2.04E-05 1.29E-05 2.9013-05 4.50E-06 6.91 E-04 5.86E-06 
Co - Carbon Monoxide kg 6.28E+01 3.75E+01 3.8 1 E+O I 2.65E+00 7.64E+O I 9.14E-0 I 
C02 - Carbon Dioxide kg 2.42E+05 3.70E+05 2.70E+05 2.26E+03 2.09E+05 1.11 E+03 
Cd - Cadmium kg 1.65E-02 5.99E-03 1.53E-03 9.04E-05 2.39E-04 6.82Eý75 
142S - Hydrogen Sulphide kg 1.40E-02 1.12E-02 232E-02 8.94E-03 1.47E+00 3.30E-03 
HCI - Hydrogen Chloride kg 2.8 1 E+00 5.97E+O 1 8.2 1 E+O I 1.40E-01 2.74E-0 I 4.97E-02 
Hg - Mercuty kg 8.08E-04 1.37E-02 1.06E-02 3.52E-05 8.58E-04 3.27E-05 
N20 - Dinitrogen Oxide kg 5.33E+00 1.89E+00 1.72E+00 6.25E-02 1.54E+00 1.63E-02 
N143 - Ammonia kg 2.13E-01 1.42E-01 1.60E+00 
I 4.16E-02 6.73E-02 5.78E-03 
NOx - Nitrogen Oxides kg 5.42E+02 5.42E+02 7.02E+02 9.95E+00 4.18E+02 4.26E+00 
PAHs kg 5.12E-03 3.44E-03 3.79E-03 1.45E-04 2.63E-02 1.25E-05 
Pb - Lead kR 1.45E-01 1.54E-02 5.40E-02 1.08E-03 4.37E-03 I. IIE-03 
sox - Sulpher xides kg 2.54E+03 1.88E+03 I. IIE+03 1.72E+01 9.14E*01 3.07E+00 
Benzene - C61-16 kg 
I 6.78E-01 1.12E-02 3.73E-02 7.91E-03 1.19E+00 1.52E-03 
Ethylbenzene - C6H5C2H5 kiz 1.32E-01 7.16E-01 6.08E-01 1.64E-03 5.09E-03 5.42E-04 
Formaldehyde - Methanal - 
kg 1.98E+00 2.10E-01 1.88E-01 6.28E-03 2.61 E+00 1.19E-03 
Particles kg 1.69E+02 5.76E+02 5.77E+02 
. 
2.28E+01 5.4]E+01 6.7813+01 
Phenol - carbolic acid kg 1.52E-04 1.78E-04 2.3613-04 , 
3.47E-06 1.07E-03 1.66E-06 
Toluene - C6H5CH3 kg 7.87E-01 3.68E-01 3.41E-01 6.38E-03 5.37E-01 1.32E-03 
Vinylchloride - Chloroethene kg 2.80E-04 4.33E-05 1.04E-03 3.88E-05 6.64EI-05 1.58E-05 -, 
Xylene kg 5.37E-01 3.05E+00 2.62E+00 7.78E-03 2.29E-02 2.78E- 03 
Cs137 md 134 - Cesium Isotopes kBq 1.30E-01 1.83E-0 1 2.0713-0 1 1.26E+01 4.60E-02 I. OIE-02 
, 
1129 1) - Iodine kBcj 2.08E-01 2.94E-0 I 3.32E-01 2.03E+01 7.38E-02 1.61E-02 
Rn222- Radon kBq 4.03E+06 5.70E+06 6.44E+06 3.93E+08 1.43E+06 3.13E+05 
Srgo p -Strontium kBq 6.24E-02 8.8 1 E-02 9.96E-02 6.07E+00 2.2 1 E-02 4.84E-03 
TC99 - Tee kB kB 
4 
8.02E-06 1.13E-05 1.28E-05 7.8 1 E-04 2.85E-061 6.22E-07 
UIJ234,235 & 238 - Uranium Isotopes kBq k B(I 2.04E-0 I 1.79E+01 2.02E+O I 4.68E+00 8.29E-021 1.63E-02 
Continued 
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Emissions to Water Unit Oil Lignite Hard coal Nuclear Gas Hydro 
Ag - Silver kg 2.2513-03 1.7813-05 8.34E-05 3.74E-05 5.50E-05 2.35E-06 
As - Arsenic kg 7.54E-03 4.99E-03 5.41 E-0 I 2.75E-03 5.23E-02 9.93E-04 
B- Boron kg 1.27E-01 3.95E-03 4.19E-01 8.90E-04 3.78E-03 2.89E-04 
BOD - Biochemical Oxygen Demand 
kg 1.67E-0 
11 
4.03E-03 
_ 
4.34E-02 1.14E-02 1.26E-02 8.4513-04. 
CN - Cyanide 
k 1.76E-02 1.95E-03 5.1 OE-03 7.66E-04 2.27E-02 LOIE-03 
COD - Chemical Oxygen Demand kg 2.95E+00 6.53E-02 1.27E+00 6.5 1 E-02 1.44E-01 1.02E-02 
Cd - Cadmium 
kg 4.20E-03 1.89E-04 1.4013-02 7.07E-04 1.45E-03 3.98E-05 
CI -Chlorine solutions (total) kg 2,02E+03 4.08E+01 1.74E+03 4.20E+01 2.29E+02 4.78E+00 
Cr3 - Chronýum kg 5.58E-02 2.58E-02 2.68E+00 1.26E-02 2.70E-01 4.97E-03 
Cr6 - Chromium 
kg 3.90E-06 5.43E-06 7.37E-04 9.5613-07 2.11 E-06 3.30E-07 
Cu - Copper 
k 1.82E-02 1.25E-02 1.34E+00 4.15E-03 1.31 E-0 I 2.30E-03 
1-12S - Hydrosulphufic A id 
k 5.83E-04 3.68E-04 8.28E-04 1.29E-04 1.97E-02 1.67E-04 
Hg - Mercury kg 4.55E-05 5.17E-06 3.81 E-04 3.13E-06 2.15E-04 
, 2.76E-07 
NI-13 - Ammonia kg 2.96E+00 5.5 1 E-02 3.47E-01 9.18E-0 I 2.32E-01 1.16E-02 
PAHs kR 4.88E-02 3.79E-04 1.91E-03 1.53E-04 1.34E-03 5.19E-05 
Pb - Lead &- 2.93E-02 
2.12E-02 1.36E+00 1.41E-01 1.43E-01 5.99E-03 
VOCs as C kg 1.3513+00 1.04E-02 4.99E-02 4.19E-03 3.30E-02 1.40E-03 
Benzene kg 4.88E-01 3.83E-03 1.83E-02 1.60E-03 2.38E-02 5.13E-04 
Ethylbenzene kg 9.01E-02 6.93E-04 3.32E-03 2.79E-04 2.20E-03 9.31 E-05 
Formaldehyde kg 2.5413-06 2.97E-06 I 3.94E-06 5.79E-08 1.78E-05 2.77E-08 
Phenol kg 5.44E-01 6.59E-03 2.59E-02 2.66E-03 2.7913-02 1.96E-03 
Toluene kg 4.43E-01 3.46E-03 1.65E-02 1.44E-03 2.16E-02 4.63E-04 
Trichloroethylene kg 4.20E-05 6.49E-06 1.56E-04 5.82E-06 9.96E-06 2.37E-06 
Xylene 
- 
kg I 3.53E-01 2.75E-03 1.31 E-02 1.15E-03 1.72E-02 3.6713-04 
Cs 134 & 137 - Cesium Isotopes kBq 
I 6.24E+01 8.82E+01 9.97E+01 6.08E+03 2.22E+01 4.85E+(X) 
1129 p - Iodine kBq 1.19E+01 1.68E+01 1. (X)E+01 1.16E+03 4.2213+00 9.2213-01 _ Sr9o p Strontium Lpa 2.38E+01 3.36E+01 3.79E+01 - 
2.3 1 E+03 I 8.44E+00 1.94E+00 
Tc99 - Technetiwn kBq 2.08E+00 2.94E+00 
7 32E+00 2.03 
, 
E+021 7.38E-01 1.61E-01 
JU234,235 &238 - Uraniuni Isotopes ILtj 7.93E-01 2.14E-01 2.99E+01 8.61 E-02 I 5.35E-02 1.1713-02 
- 
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Table ix lists a streamlined LCI for the generation of I TJ of electricity from different 
mixes of conventional forms of electricity. It compares the average European 
electricity mix from 1990 with the UK 1990 electricity mix and the UK 1997 
electricity mix using the data from individual power sources in the previous table. It 
also lists the same inventory for the resources used and emissions released for 
providing the transmission and distribution components for low voltage electricity 
supply on a per TJ of electricity delivered basis. 
Table ix: Streamlined Life cycle Inventory for Conventional Electricity Supply Mixes and 
Electricity Transmission and Distribution per TJ of Electricity. 
Non-energy Resources Unit Av Euro Mix UK Mix 199 
,0 
UK Mix 1997 Tran + Dis 
Ag - Silver kg 2.40E-02 2.43E-02 9.07E-03 1.16E-03 
Bauxite kg 1.86E+O I 2.19E+O I 2.06E+01 8.53E+01 
Cu - Copper kp, 3.98E+00 6.25E+00 4.89E+00 2.3 1 E+02 
Fe - Iron 
kg 3.62E+02 5.93E+02 4.84E+02 4.98E+02 
Pb - Lead kg 4.30E-02 7.26E-02 4.80E-02 1.50E+01 
Sri - Tin 
k. 6 1.33E-02 1.35E-02 5.04E-03 6.42E-04 
Zn - Zinc ksz 1.66E-02 4.3 1 E-02 2.35E-02 2.01 E-03 
Air Emissions 
As - Arsenic kg 6.97E-03 1.49E-02 7.30E-03 4.66E-03 
B- Boron kg 1.56E+00 5.56E-0 I 3. OOE-01 1.62E-02 
CH4 - Methane kg 3.04E+02 7.68E+02 5.47E+02 8.58E+00 
CN - Cyanide 
kg 7.76E-05 3.96E-05 2.26E-04 1.87E-05 
CO - Carbon Monoxide 
kg 2.56E+01 3.18E+01 3.82E+O 1 3.2 1 E+00 
C02 - Carbon Dioxide 
kg 1.34E+05 1.95E+05 1.59E+05 1.5 1 E+03 
Cd - Cadmium 
ý2 2.58E-03 2.38E-03 9.35E-04 2.19E-03 
H2S - Hydrogen Sulphide La-- 1.51E-01 5.7413-02 4.65E-01 1.26E-02 
HCI - Hydrogen Chloride kg 2.19E+O 1 5ý 13E+01 2.73E+01 4ý03&01 
Hg - Mercury 
kv 3.59E-03 6.66E-03 3.77E-03 1.08E-04 
N20 - Dinitrogen Oxide_ kg 1.26E+00 1.58E+00 1.17E+00 
-75.07E+00 
NI-13 - Ammonia 
kg 3.54E-0 I 1.03Eý00 5.64 E-0 I 3.72E-02 
NOx - Nitrogen Oxides k9 2,84E+02 4.96E ý02 3.7513+02 7.8 1 E+00 
PAHs kR 4.14E-03 3.53E-03 9.54E-03 1,07E-03 
Pb - Lead 
kg 2.67E-02 4.64E-02 2,24E-02 5.53E-02 
Sox - Sulpher Oxides 
kg 6.66E+02 9.12E+02 4.49E+02 3.85E+01 
Benzene - C6H6 kg 1.91E-01 1.15E-0 I 3.95E-01 1.36E-02 
Ethylbenzene - C6H5C2H5 LýL_ 2.02E-0 I 3.90E-0 I 2.05E-01 2.67E-03 
Formaldehyde - Methanal kg 5.02E-01 3.57E-0 I 9.12E-0 I 1.03E-02 
Particles kg 2.08E+02 3.82E+02 2.19E+02 3.5-RF +0 1 
Phenol - carbolic acid Lý 1.8 1 E-04 1.90E-04 4,12E-04 7.80E-05 
Toluene - C6H5CH3 kg 2.33E-01 2.95E-01 2.96E-0 1 1,18E-02 
Vinylchlofide - Chloroethene 2.48E-04 6.80E-04 3.79E-04 5,52E-02 
Xylene kg 8.65E-01 1.68E+00 8.84E-0 I I . 67E-02 
CsJ37 and 134 - Cesium Isotopes kBq 4.70E+00 3.19E+00 3.37E+00 
, 4.7 1 E-02 
1129 p- Iodine kBq 7.53E+00 5.11 E+00 5.40E+00 7.41 E-02 
- Rn222 - Radon kBq 1.46E+08 9.91 E+07 1.05E+08 1.85F , +06 
SOO p Strontium kBq 2.26E+00 1.53E+00 1.62E+00 2.24E-02 
Tc99 p Technetium IcBq 2.90E-04 1.97E-04 2.08E-04 2.98E-06 
sotopes kBq 7.36E+00 1.37E+01 7.90E+00 7.40E-02 
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Emissions to Water Unit Av Euro Mix UK Mix 1990 UK Mix 1997 Tran + Dis 
Ag - Silver !ý- 2.55E-04 2.54E-04 9.94E-05 1.18E-05 
As - Arsenic 
kg 1.07E-01 3d39E-01 1.96E-01 2.48E-03 
B- Boron kg 9.1 OE-02 2.72E-01 1.42E-01 1.55E-03 
BOD - Biochemical Oxygen Demand 
kg 3.02E-02 4.43E-02 2.46E-02 1.55E-02 
CN - Cyanide 
kg 5.47E-03 5.49E-03 9.30E-03 2.94E-03 
COD - Chemical Oxygen Demand 
kg 5-67E-01 1.06E+00 5.41 E-01 4.02E-02 
Cd - Cadmium - 
! ý- 3.41 E-03 9.25E-03 5.33E-03 1.21 E-04 
CI -Chlorine solutions (total) 
kg 5.61 E+02 1.27E+03 6.97E+02 2.29E+O I 
Cr3 - Chromium 
kg 5.35E-01 1.68E+00 9.72E-01 1.41 E-02 
Cr6 - Chromium 
kg 1.38E-04 4.59E-04 2.44E-04 9.56E-07 
Cu - Copper 
km 2.65E-01 8.40E-01 4.84E-01 6.47E-03 
142S - Hydrosulphuric Acid 
kg 2.22E-03 1.13E-03 6.44E-03 5.36E-04 
Hg - Mercury 
k 9.72E-05 2.47E-04 1.94E-04 4.39E-06 
NH3 - Ammonia kg 7.17E-01 6.95E-01 4.85E-01 3.77E-02 
PAHs 
_ 
kg 5.30E-03 
- 
5.35E-03 2.03E-03 2.78E-04 
Pb - Lead 
ýj 
- 
3.22E-01 8.84E-01 5.29E-01 1.77E-02 
VOCs as C kg - 
1.46E-01 1.48E-01 5.48E-02 7.11 E-03 
Benzene kg 5.41 E-02 5.39E-02 2.36E-02 2.68E-03 
Ethylbenzene kg 9.76E-03 9.86E-03 3.66E-03 4.74E-04 
Formaldehyde kg 3.02E-06 3.16E-06 6.87E-06 1.29E-06 
Phenol kg 6.22E-02 6.38E-02 2.88E-02 6.80E-03 
Toluene kg 4.91 E-02 4.89E-02 2.14E-02 2.43E-03 
Trichloroethylene kg 3.72E-05 1.02E-04 5.68E-05 8.29E-03 
Xylene kg 3.91 E-02 3.89E-02 1.70E-02 1.89E-03 
Cs 134 & 137 - Cesium 
i-sotopes kBq 2.26E+03 1.53E+03 1.62E+03 2.20E+01 
1129 p- Iodine kBa. 4.30E+02 2.92E+02 3.09E+02 4.23E+00 
Sr9o p Strontium kBq 8.60E+02 5.84E+02 6.17E+02 8.48E+00 
Tc99 - Technetium q . 
53 +01 5.11 E+O I 5.40E +01 7.41 -01 E 
U234,235 &238 - Uranium Isotopes 
IkBq 5.49E+00 1.81 E+O I 9,60E+00 3 
E 
5.33E-0]2 E-02 
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Appendix 7-3: Comparing the Streamlined Life Cycle Inventory of 
Building Integrated Photovoltaics with the Average European Low 
Voltage Supply an a per kWh of Electricity Supplied Basis. 
Table x constitutes a streamlined life cycle inventory for the supply of I kWh of 
electricity to the point of use for BiPV cladding systems and the average European 
Mix. It is based on the life cycle inventory database from ETH Zurich (Frischknecht 
et. al. 1995). The figures for the average European supply include the environmental 
burdens from transmission and distribution of the electricity to the point of use which 
in this analysis is assumed to be low voltage supply. The figures were calculated 
using data in Appendix 7-2 and dividing it by 277,778 as I TJ = 277,778 kWh. 
Table x: Streamlined Life Cycle Inventory for Building Integrated Photovoltaic Systems and the 
Average European Low Voltage Supply per kWh of Electricity Supplied. 
Resource use Unit m-Si int. facade Net m-Si int. facade p-Si int. facade Net p-Si int. facade Av Euro Supply 
Prim , Ener se mi 3.3 1 E+00 2.99E+00 2.90E+00 2.55E+00 1.32E-H)l 
A- Si vcr kg 1.1 7E-04 1.17E-04 1.27E-04 1.27E-04 1.02E-07 
bauxite kiz 3.52E-03 8.1 OE-04 3.75E-03 8.11 E-04 3.83E-04 
Cu- 0r __ kg 3.27E-04 3.25E-04 3.26E-04 3.24E-04 __ 8.46E-04 
Fe - Iron kg 7.96E-04 6.69E-04 7.30E-04 5.92E-04 3.27E-03 
Pb - Lead k-g 4.16E-06 3.89E-06 4.13E-06 3.84E-06 5.43E-05 
Sn - Tin kg 6.44E-06 
6.44E-06 6.97E-06 6.97E-06 5,69E-08 
Zn - Zinc 8.09E-08 
1.96E-08 8.37E-08 1.74E-08 7.50E-08 
Emissions to Air 
'Xs 
- 
-Arsenic kg 8.30E-09 7.65E-09 7.32E-09 6.62E-09 - - 4.54E-08 
W- Boron kg 1.42E-06 1.34E-06 1.2 1 E-06 1.13E-06 6.47E-06 
CH4 - Methane kg 3.44E-04 2.98E-04 3.05E-04 _2.55E-04 
1.28E-03 - 
CN -C anide kg 1.69E-08 
1.68E-08 1,92E-08 1.92E-08 3.85E-10 
Carbon Monoxide kg 7.26E-05 3.1 OE-05 761 E-05 3.11 E-05 1.16E-04 
Ta--rýonDioxide kg 1.35E-01 1.16E-0 1 1.18E-0 1 9.64F-02 5.54E-01 
Cd - Cadmium kg , 6: 47E-09 
5.78E-09 6.03E-09 5.28E-09 1.85E-08 
14ydrogen Sul hide kg 1.43E-06 1.37E-06 1.56E-06 1.49E-06 6.65E-07 
H dro cn Chloride _IA- 
2.62E-05 2.39E-05 2.03E-05 1.78E-05 1). 1 OE-05 
Hg - Mercury k& 
3.37E-09 3.16E-09 2.90E-09 2.67E-09 1 511., -08 
Dinitro cn Oxide kg 5.93E-06 5.59E-06 5.14E-06 4.76E-06 2.34E-05 
NHI - Ammonia kg 
5.27E-07 -1.66E-08 5.37E-07 -5.18E-oH 1.59E-06 
kg 3,68E-04 3.29E-04 3.39E-04 2.96E-04 1.19E-03 - 
PAHs .41 E-09 8,15E-09 8.4 1 E-09 9.13E-09 2.081-'-09 
b- Lead kg 6.27E-08 4.53E-08 6. OOE-08 4.12E-08 3.08E-07 
Sul hur Oxides kg 8.26E-04 7.5 5 E-04 7.39E-04 6.63E-04 2.87E-03 
Benzene kg 5.07E-07 3.73E-07 5.07E-07 3.61 E-07 8.10E-07 
, ne be E E kg 1.89E-07 1.78E-07 1.63E-07 1.5 1E -07 9.39E-07 ý 
.W F: 
ýOnaldcli 
Tdc kg 4.83E-07 4.52E-07 4.19E-07 3.85E-07 2.09E-06 
particles . 
k-g 3.94E-04 -3.93E-05 3.86E-04 -8.3 1 E-0i 9.63E-04 
plicnol kg 2.19E- 10 2.11 E- 10 5.78E-09 5.77E-09 1.02E-09 
Toluene -ýL 
2.83E-07 2.5 1 E-07 2.57E-07 2.22-E-07 9.95E-07 
vin Ichlon e k-g 7.2813-08 7.27E-08 1.20E-07 1.20E-07 2. OOE-07 
Xylcnc -IL 
8.41E-07 7.86E-07 7,34E-07 6.75E-07 1001"-06 
Cesium isotopes kBq 6.23E-06 6.01E-06 -1.29E-06 3.06E-06 1.94E-05 
1129 Iodine kBq 7.11 E-06 6.77E-06 6.15E-06 5.78E-06 1.11 E-05 
Rn222 Radon kBq 1.93E+02 1.87E+02 1.02E+02 9.45E-H)i 6.05E-K)2 
o Strontium kBq I 2.14E-06 2.03 E-06 1.85E-06 1.74E-06 93 3 L'-06 
Tc09 Technetium c_ kBq 2.75E-10 2.61E-10 2.38E-10 2.24E-10 
I 
1.201-'. -09 
Uranium Isoto es kBq 1 9 58F-06 1 4 5? F-06 1 041-*-05- 
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Emissions to Water Unit m-Si int. facade Net m-Si int. facade p-Si int. facade Net p. -Si int. facade AvEuro Supply 
Silver kg 
_3.35E-10 
2.95E-10 3.07E- 10 2.64E-10 1.09E-09 
Arsenic kg 1.14E-07 1.04E-07 1.02E-07 9.13E-08 4.49E-07 
Boron k-g 8.72E-08 8.15E-08 7,56E-08 6.96E-08 3.78E-07 
BOD kg 
. 
8.61E-07 4.08E-07 9.15E-07 4.24E-07 1.80E-07 
Cyanide kg 1.05E-08 9.04E-09 LOOE-08 8,46E-09 3.30E-08 
COD kg 2.04E-06 1.84F, 06 2.19E-06 1.98&06 2.47F, -06 
Cadnium kg 3.72E-09 3.38E-09 3.33E, 09 2.97E-09 1.44E-08 
Chlorine solutions kg 4.84E-03 2.60E-03 2.17F, -03 -2.59E-04 2.38F, 03 
Chrornium kg 5.76E-07 5.26E-07 5.15E-07 4.6 1 E-07 2.24E-06 
Copper kg 2.83E-07 2.59E-07 2.53E-07 2.26E-07 1.11 E-06 
HydrosulphuriC Acid 4.77E-09 4.15E-09 4.74E-09 4.08E-09 1.1 OE-08 
Mercury kR 1.06E-10 9.24E- II 9.23E- 11 7.73& 11 4.14E- 10 
Ammonia kg 1.38E-06 -3.09E-07 1,35E-06 4.8 1 E-07 3.07E-06 
PAHs kg 
_7.20E-09 
6.34E-09 6.67E-09 5.73E-09 2.27E-08 
- Lead kg 4.58E-07 4.27E-07 3.64E-07 3.3 1 E-07 1.38E-06 
VOCs as C k-g 1.94E-07 1.71 E-07 1.79E-07 1.53F, 07 6.7SE-07 
Benzene kg 7.50E-08 6.58F, 08 6.93F, 08 5.93E-08 2.3 1 E-07 
Ethylbenzene k-g 1.32E-08 1.16E-08 1.21E-08 1.04E-08 4.17E-08 
Fonnaldehyde kg 1.02F, 10 1.02E-10 2.03 E, 10 2.03F, 10 1.70E- II 
Phenol kg 9.32E, 08 8.24E-08 8.68E-08 7.52E-08 2.79E-07 
Toluene kg 6.78E-08 5.95E-08 6.26E-08 5.36E-08 2.1 OF, 07 
Trichloroethylene kg 1.09E-08 1.09E-08 1.80F, 08 1.79E-08 3. OOE-08 
Xylene kg 5.21E-08 4.55E-08 4.78E-08 4.06E-08 1.67E-07 
Cesium Isotopes kBq 2.64E-03 2.54E-03 5.15E-03 5.03E-03 9.35&03 
Iodine kBq 4.07E-04 3.87E-04 3.52E-04 3.3 1 E-04 1.79E-03 
Strontium kBq 8.13E-04 7.74E-04 7.05E-04 6.62E-04 3.55E-03 
[jechnetium k-Bcl 7.11 E-05 6.77E-05 6.17E-05 5.80E-05 3.11 F, 04 
I Uranium Isotopes 
_ 
kBq 4. %&06 4.70E-06 4.24E-06 3.97E-06 2.27E-05 
'2 ; 
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Appendix 8-1: Energy analysis results for the Comparison of 
Supplying Electricity from a Building Integrated Photovoltaic System 
on the New EIHMS Building or from Conventional UK Electricity 
Supply. 
This appendix compares energy analysis results for the production of electricity from 
a 1,010 m2 BiPV system integrated into the EIHMS building and compares this with 
electricity supply from the average UK mix. It is based on the data from the ETH 
Zurich life cycle inventory database. Table i shows the amount of primary energy 
resources that would be used in manufacturing and installing a m-Si BiPV system 
divided between the roof section and the wall section of the EIHMS building as 
described in Chapter 8. It compares this with the energy resource use of the same 
system net of the energy resources required to construct an aluminium cladding 
system of the same size (from the data in Appendix 6-5). This is also compared with 
energy resource use figures from producing 8.64 TJ of electricity from the 
conventional UK electricity supply (based on the data in Appendix 7-1), as this is the 
output the PV system would produce over its lifetime. Table ii shows the same data 
but on a primary energy equivalent basis. 
Table iii and iv show the same data as table i and ii respectively but for a 1,0 10 m' p- 
Si BiPV system which would supply around 7 TJ of electricity over its lifetime. 
Table i: The Energy Resource Use in Supplying 8.64 TJ of Electricity to the University of Surrey 
- Comparison of a m-Si BiPV System on the EIHMS Building with Conventional Electricity 
Supply from the UK Mix. 
Energy Resource Use Unit m-Si Roof m-Si Fapde m-Si Total Net m-Si Total UK Mix Avoided 
Browncoal 
_ 
kg 5.85E+04 5.2 1 E+04 1.11 E+05 8.79E+04 1.81 E-+ 04 
Crude oil - 
kg 1.65E+04 1.43E+04 3.08E+04 1.83E+04 4.33E+04 
Crude stone coal kp, 5.50E+04 4.67E+04 1.0213+05 8.14E+04 _ 7.29F-+05 
Mine gas 
_kE 
3.9 1 E+02 3.30E+02 7.21 E+02 
- 
5.7313+02 5,09E+03 
Natural gas M3 1 1.36E+04 1.21E+04 2.5713+04 2.11 E+04 2.49E+05 
Oil gas m3 8. OOE+02 6.96E+02 1.50E+03 8.90E+02 2.11 E+03 
mJ 2.95E+05 2.6413+05 5.59E+05 4.60E+05 5,36E+05 
Uramurn kg 4.15E+00 3.70E+00 7.85E+00 6.3 1 E+00 2.56E+01 
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Table ii: The Primary Energy Use in Supplying 8.64 TJ of Electricity to the University of Surrey 
- Comparison of a m-Si BiPV System on the EIHMS Building with Conventional Electricity 
Supply from the UK Mix. 
Primary Energy Use Unit m-Si Roof m-Si Fapde m-Si Total Net m-Si Total UK Mix Avoided 
Browncoal MJ 5.12E+05 4.56E+05 9.67E+05 7.69E+05 1.59E+05 
Crude oil MJ 7,26E+05 6.3 1 E+05 1.36E+06 8.07E+05 1.91E+06 
Crude stone coal MJ 1.02E+06 8.64E+05 1.88E+06 1.51E+06 1.35E+07 
Mine gas MJ - 
1.48E+04 1.25E+04 2.73E+04 2.12E+04 1.88E+05 
Natural gas MJ 5.0313+05 4.47E+05 9.50E+05 7.8 1 E+05 9.17E+06 
Oil gas MJ 2.80E+04 2.53E+04 5.33E+04 3.82E+04 9.05E+04 
Potent. energy water MJ 2.95E+05 2.64E+05 5.59E+05 1.36E+06 1.58E+06 
Uranium MJ 1.89E+06 1.68E+06 3.57E+06 2.87E+06 1.1613+07 
Primary energy mput MJ 4.98E+06 I 4.38E+06 9.37E+06 8.15E+06 3. '82E+07 
Table iii: The Energy Resource Use in Supplying 7 TJ of Electricity to the University of Surrey - 
Comparison of a p-Si BiPV System on the EIHMS Building with Conventional Electricity Supply 
from the UK Mix. 
Energy Resource Use Unit p-Si Roof p-Si FaVad p-Si Total Net p-Si Total UK Mix Avoided 
Browncoal kg 4.65E+04 4.12E+04 8.76E+04 6.49E+04 1.68E+04 
Crude od kg 1.41E+04 1.22E+04 2.62E+04 1.38E+04 4.01 E +04 
Crude stone coal kg 4.59E+04 3.85E+. 04 8.43E+04 6.4 1 E+04 6.74E+05 
Mine gas kg 3.27E+02 - 
2.71 h+02 5.98E+02 4.50E+02 4.71 E+03 
Natural gas m3 1.06E+04 
- 
9.37E+03 2. OOE+04 1.54E4-04 2.30E+05 
Oil gas m3 6. 
i 3E+02 5.9 1 E+02 1.27E+0-3 6.68E+02 1.95E-FD3 
Potent. energy water Mj 2.42E+05 2.16E+05 4.58E+05 3.59E+05 4.97E+05 
Uranium kg 
- 
3.34E+00 2.96E+00 6.30E+00 4.75E+00 2.37E+01 
Table iv: The Primary Energy Use in Supplying 7 TJ of Electricity to the University of Surrey - 
Comparison of a p-Si BiPV System on the EIHMS Building with Conventional Electricity Supply 
from the UK Mix. 
Ptimary Energy Use Unit p-Si Roof, p-Si Fgad 
. 
p-Si Total, Net p-Si Total UK Mix Avoided 
Browncoal MJ 4.06E+05 3.60E+05 7.67Ei 05 5.69E+05 1.47E+05 
Crude oil MJ 6.20E+05 5.36E+05 1.16E+06 6.06E+05 1.77E+06 
Crude stone coal MJ 8.48E+05 7.12E+05 1.56E+06 1.19E+06 1.25 E+07 
Mine gas MJ . 
1.24E+04 1.03 E+04 2.26E+04 1.71 E+04 1.78E+05 
Natural gas MJ 3.93E+05 3.47E+05 7.39E4-05 5.71 E+05 8.49E+06 
Oil gas MJ 2.58E+04 2.34E+04 4.92E+04 2.32E+04 8.38E+04 
Potent. energy water MJ 2.42E+05 2.16E+05 4.58E+05 2.53E+05 4.97E+05 
Uranium MJ 1.52E+06 1.35E+06 2.86E+06 2.16E+06 1.08E+07 
Primary energy input MJ 4.07E+06 I 3.55E+06 7.62E+06 5.13 Ef 06 3.44E+07 
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Appendix 8-2: Streamlined Life Cycle Inventory Comparing 
Electricity Supply from a Building Integrated Photovoltaic System on 
the EIHMS Building With Conventional Electricity Supply From the 
UK Electricity Mix. 
The following 4 pages constitute a streamlined life cycle inventory for the production 
of electricity from a 1,010 M2 BiPV system integrated into the EMMS building at the 
University of Surrey and compares this with electricity supply from the average UK 
electricity mix. It is based on the data from the ETH Zurich life cycle inventory 
database. Table v shows the resource use and emissions released to air and water 
from supplying electricity from a m-Si BiPV system (broken down into faqade and 
sloped roof components) based on the data from Appendix 6-3. It also compares this 
with the same system net of the resources used and emissions released in putting an 
aluminiurn cladding on the building (using data from Appendix 6-6) and supplying 
8.64 TJ of electricity from conventional sources - the UK electricity grid (using data - 
from Appendix 7-2). Table vi shows the same results for a p-Si system of the same 
size which is equivalent to supplying 7 TJ of electricity from conventional sources. 
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Table v: Streamlined Life Cycle Inventory for Supplying 8.64 TJ of Electricity to the University 
of Surrey - Comparison of a m-Si BiPV System on the EIHMS Building with Conventional 
Electricity Supply from the UK Mix. 
Unit m-Si Roof m-Si Fgade m-Si Total Net m-Si Total UK Mix Avoided 
System Size kWp kWp 6.89E+O I 6.24E+O I 1.31E+02 1.311E+02 
Resource Use 
Silver kg 1.7 1 E+02 1.55E+02 3.26E+02 3.26E+02 1.29E-01 
Bauxite kg 5.75E+03 4.67E+03 1.04E+04 -2.68E+04 1.86E+03 
Copper kg 4.8 1 E+02 4.34E+02 9.15E+02 8.95E+02 4.44E+03 
Iron k 4.63E+03 1.06E+03 5.69E+03 1,79E+03 1.5 1 E+04 
Lead kg 6.16E+00 5.5 1 E+00 1.17E+01 I. OIE+01 2.86E+02 
Tin kg- 9.43E+00 8.54E+00 1.80E+01 1.80E+01 7.15E-02 
Zinc kg 1.28E-01 1.07E-01 2.36E-01 3.68E-02 3.15E-01 
Emissions to Air 
Arsetuc kg 1.29E-02 1.1 OE-02 2.39E-02 1.66E-02 1.75E-01 
Boron kg 2.11 E+00 1.88E+00 3.99E+00 3.17E+00 3.93E+00 
Methane kg 5.35E+02 4.56E+02 9.90E+02 7.67E+02 6.6 1 E+03 
Cvanide kg 2.48E-02 2.24E-02 4.72E-02 4.70E-02 3.01E-03 
Carbon Monoxide kg 1.14E+02 9.63E+01 2.1 OE+02 5.14E+o 1 5.11 E+02 
Carbon Dioxide kg 2.07E+05 1.79E+05 3.86E+05 2.73E+05 1.90E+06 
Cadrnium kg 9.94E-03 8.58E-03 1.85E-02 1.0 1 E-02 5,25E-02 
Hydrogen SuIpWde k g I 16E+00 1.90E+00 4.06E+00 3.90E+00 5.7 1 E+00 
Hydrogen Chloride . kg 3.91 E+O I 3.48E+01 7.38E+01 5.25E+01 3.29E+02 
Mercury kg 5.09E-03 4.47E-03 9.5613-03 7.49E-03 4.65E-02 
Dinitrogen Oxide kR 8.85E+00 7.87E+00 1.67E+01 1.30E+01 1.1 OE+02 
Anunonia kg 8.01E-01 6.99E-01 1.50E+00 I 1.29E+00 735E+00 
Nitrogen Om. des kg 5.6 1 E+02 4.89E+02 1.05E+03 7.62E+02 4.56E+03 
PAIis kg 1.25E-02 1.11 E-02 2.37E-02 2.09E-02 1.3313-01 
Lead k 1 1.11 E-0 I -02 8.32E 1.94E-01 1.05E-01 1.3 1 E+00 
Sulpher Oxides kg 1.24E+03 1.1 OE+03 2.34E+03 1.59E+03 6.02E+03 
Benzene kg 7.77E-01 6.73E-01 1.45E+00 9.20E-01 4.91 E+00 
Ethylbenzene kg 2.82E-01 2.51E-01 5.33E-01 4.12E-01 2.47E+00 
Formaldehyde kp, 7.22E-01 6.41E-01 1.36E+00 1.01E+00 1.09E+01 
Particles kg 7.07E+02 5.2213+02 1.23E+03 6.99E+02 3.16E+03 
Phenol kg 3,43E-04 2.90E-(A 6.33E-04 5.06E-04 6.33E-03 
Toluene kg 4.30E-01 3.76E-01 8.06E-0 I 5.42E-01 3.7 1 E+00 
CWoroethene kg 1.07E-01 9.66E-02 2.03E-01 2.02E-01 1.05E+00 
XvIene kg 1.26E+00 1.11 E+00 2.38E+00 1.84E+oo 1.07E+01 
Cesium Isotopes kBq 9,23E+00 8.26E+00 1.75E+01 1.50E+01 4.06E+01 
Iodine kBq 1.06E+O I 9.44E+00 2. OOE+01 1.61 E+O I 6.50E+01 
Radon kBq 2.87E+08 2.5613+08 5.43E+08 4.67E+08 1.26E+09 
Strontium kB 3.1813+00 2.83E+00 6.01 E+00 4.83E+-Oo 1.95E+01 
Technetium kB 
A 
4.09E-04 3.65E-04 
I 
7.74E-04 6.2 1 E-()4 2.5 1 E-03 
Uranium Isotopes kB 1 4' 1.2E+01 L I 2.30E+ 
Continued 
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Emissions to Water Unit m-Si Roof m-Si Fa"cle m-Si Total Net m-Si Total UK Mix Avoided 
Silver k 5.1 OE-04 4.44E-04 9.54E-04 5.74E-04 1.40E-03 
Arsenic k 1.78E-01 1.5 IE-01 3.30E-01 2.64E-0 I 2.35E+00 
Boron kg 1.30E-01 1.16E-0 I 2.46E-01 1.86E-01 1.71E+00 
BOD kg 1.4613+00 1.14E+00 2.60E+00 -3.69E+00 5,83E-01 
Cyanide kg 3.50E-02 I 1.39E-02 4.89E-02 2.38E-02 1.65E-01 
COD kg 3.46E+00 2.70E+00 6.16E+00 I 4.78E+00 7.13E+00 
Cadnuwn kg 6.02E-03 4.93E-03 1.1 OE-02 I 8.22E-03 6.50E-02 
Chlorine solutions (total) k-g 7.14E+03 6.42E+03 
- 
1.36E+04 I 1.30E+04 8.64E+03 
Chronýwn kg 9.10E-01 7.65E-01 1.67E+00 I 1.34E+00 1.02E+01 
Copper kg 4.44E-01 3.75E-01 8.19E-01 6.53E-01 5.93E+00 
Hydrosulphuric Acid kg 1.03E-02 6.32E-03 1.66E-02 1.20E-02 8.60E-02 
Mercury kg 1.58E-04 1.4113-04 2.99E-04 
_2.41E-04 
2.36E-03 
Ammonia kg 2.14E+00 1,83E+00 3.97E+00 3.13E+00 6.42E+00 
PAHs kg 1.1 OE-02 9.55E-03 2.06E-02 1.24E-02 2.92E-02 
Lead kg 7,7213-0 1 6.08E-01 1.38E+00 1.09E+00 6.57E+00 
vocs as C kg 2.96E-01 2.58E-01 5.54E-01 3.29E-01 7.80E-01 
Benzene kg 1 1.14E-01 9.94E-02 
- 
2.14E-01 1.31E-01 3,29E-01 
Ethylben ene LE kv I k 2. OOE-02 1.74E-02 3.75E-02 2.25E-02 5.20E-02 
Formaldehvde kg k 1.4913-04 1.35E-04 2.84E-04 2.82E-04 1.06E-04 
Phenol k 1.69E-01 1.24E-01 2.93E-0 1 1.7213-01 4.68E-0 I 
Toluene k 1.03E-01 8.99E-02 1.93E-01 1.19E-01 2.98E-01 
Trichloroethylene kg 1.60E-02 1.44E-02 3.04E-02 3.0213-02 1.58E-01 
Xylene ka 7.93E-02 6.91E-02 1.48E-01 8.9 1 E-02 2.36E-01 
Cesium Isotopes kBq 3.92E+03 3.50E+03 7.42E+03 6.24E+03 1.95E+04 
Iodine kBq 6.05E+02 5.39E+02 1.14E+03 9.19E+ 3.72E+03 
Strontium kBq 1.21E+03 1.0813+03 2.29E+03 1.84E+03 7.43E+03 
Technetium kBq 1.06E+02 9.43E+01 
- 
2. OOE+02 1.61E+02 6.50E+02 
Uranium Isotopes kBq 7.38E+00 6.58E+00 1 1.4013+01 1.11 E+01 1.14E+02 
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Table vi: Streamlined Life Cycle Inventory for Supplying 7 TJ of Electricity to the University of 
Surrey - Comparison of a p-Si BiPV System on the EIIHMS Building with Conventional 
Electricity Supply from the UK Mix. 
Unit p-Si Roof p-Si Fapde p-Si Total Net p-Si Total UfK Mix Avoided 
System Size kWp kWp 6.36E+01 5.76E+01 1.21E+02 1.21E+02 
Resource Use 
Silver k 1.71 E+02 1.55E+02 3.26E+02 3.26E+02 1.19E-0 I 
Bauxite kg 5.66E+03 4.59E+03 
. 
1.02E+04 -2.69E+04 1.73E+03 
Copper kg 4.43E+02 3.99E+02 8.42E+02 8.2 1 E+02-- -4.11 E+03 
Iron kg 4.45E+03 8.93E+02 5.34E+03 1.45E+03 1.40E+04 
Lead ku 5.67E+00 5.06E+00 1.07E+01 9.14E+00 2.65E+02 
Tin k-g 9.43E+00 8.54E+00 1.80E+O I 1.79E+01 6.63E-02 
Zinc kg 1.23E-01 1.02E-0 I 2.25E-01 2.68E-02 2.92E-0 I 
Emissions to Air 
Arsenic 1.06E-02 8.96E-03 1.96E-02 1.23E-02 1.62E-01 
Boron kg 1.67E+00 1.48E+00 3.16E+00 2.34E+00 3.55E+00 
Methane ±D- 4.43E+02 3.73E+02 8.17E+02 5.94E+02 6.12E+03 
Cyanide kg 2.61E-02 2.35E-02 4.96E-02 4.94E-02 2.79E-03 
Carbon Monoxide ýS- 1.1 OE+02 9.3 1 E+O I 2.03E+02 4.49E+01 4.74E+02 
Carbon Diomde kg 1.68E+05 1.44E+05 3.12E+05 1.99E+05 1.76E+06 
Cadnýium 
_kg 
8.61 E-03 7.38E-03 1.60E-02 7.60E-03 4.87E-02 
Hydrogen Sulphide 
_ 
kg 2.17E+00 1.91E+00 4.09E+00 3.93E+00 5.29E+00 
Hydrogen Chloride 
_kg 
2.8 1 E+O I 2.48E+01 5.29E+O I 3.16E+01 3.04E+02 
Mercury kg 4.07E-03 3.54E-03 7.62E-03 5.54E-03 4.3 1 E-02 
Dinitrogen Oxide kg 7.1 OE+00 6.29E+00 1.34E+01 9.72E+00 1.02E+02 
Ammonia kg 7.55E-01 6.57E-01 1.41 E+00 1.20E+(X) 6.8 1 E+00 
Nitrogen Oxides kg 4.79E+02 4.15E+02 I 8.93E+02 6.06E+02 4.22E+03 
PAHs kg 1.16E-02 1.03E-02 I 2.19E-02 1.91E-02 1.23E-01 
Lead kg 9.99E-02 7.35E-02 1.73E-01 8.46E-02 1.22E+00 
Sulpher Oxides kg 1.03E+03 9.04E+02 1.9413+03 1.19E+03 5.59E+03 
Benzene kg 7.19E-01 6.21 E-0 I 1,34E+00 8.1 OE-0 I 4.55E+(X) 
Ethylbenzene kp, 2.26E-0 1 2. OOE-0 I 4.26E-01 3.04E-0 I 2.29E+00 
Formaldehyde kg 5.8 1 E-0 i 5.13E-01 1.09E+00 7.39E-01 I. OIE+01 
Particles ýL- 6.52E+02 4.72E+02 1.12E+03 5.94E+02 2.92E+03 
Phenol kg 7.83E-03 7.07E-03 1.49E-02 1.48E-02 5.96E-03 
Toluene kg 3.62E-0 I 3A4E-OI 6.77E-01 
_4.1 
TE-01 3.44Ei 00 
CWoroethene k 1.62E-01 1.47E-01 3.09E-0 I 3.07E-01 9.76E-01 
Xylene kg 1.02E+00 8.98E-01 1.92E+00 1.38E+00 9.94E+(X) 
_ Cesium Isotopes kBq 4.55E+00 4.03E+00 8.58E+00 6,1313+00 3.76E+01 
Iodine kBq 8.48E+00 7.53E+00 1.60E+01 1.21E+01 6.02E+01 
Radon kBq 1.41E+08 1.25E+08 2,66E+08 1.89E+08 1.17E+09 
Strontium kBq 2.55E+00 2.27E+00 4.82E+00 3.64E+00 1.81E+01 
Technetium kBq 3.29E-04 2.92E-04 6.20E-04 4.68E-04 2.32E-03 
Uranium Isotopes kBq 6,80E+00 I 6. OOE+00 1 1.28E+01 8.91 E+00 8.74EfOI 
Continued.... 
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Emissions to Water Unit I p-Si Roof p-Si Fapd p-Si Total Net p-Si Total UK Mix Avoided 
Silver kg 4.34E-04 3.76E-04 8.11 E-04 4.3 1 E-04 1.29E-03 
Arscnic kg 1.49E-0 I 1.25E-01 2.74E-0 I 2.07E-01 2.1 8E+00 
Boron kg 1.05E-01 9.26E-02 1.98E-01 1.38E-01 1.58E+00 
BOD kg 1.43E+00 1.12E+00 2.55E+00 -3.74E+00 5.40E-0 I 
Cyanide kg 3.32E-02 1.23E-02 4.55E-02 2,03E-02 1.53E-01 
COD kg 3.44E+00 2.68E+00 6.13E+00 4.75E+00 6.60E+00 
Cadmium kg 5.08E-03 4.08E-03 9.16E-03 6.42E-03 6.02E-02 
Chlorine solutions (total) kg 2,98E+03 2.65E+03 5.64E+03 5.09E+03 8. OOE+03 
Chromium kg 7.61E-01 6.3 1 E-0 I 1.39E+00 1.05E+00 9.43E+00 
Copper kg 3.7 1 E-0 I 3.09E-0 I 6.80E-0 I 5.14E-01 5.40E+00 
Hydrosulphuric Acid kg 9.68E-03 5.8 1 E-03 1.55E-02 1.09E-02 7.97E-02 
Mercury kg 1.27E-04 1.13E-04 2.40E-04 1.82E-04 2.19E-03 
Ammonia kg 1.94E+00 1.65E+00 3.59E+00 2.75E+00 5.95E+00 
PAHs kg 9.47E-03 8.16E-03 1.76E-02 . 
9.44E-03 2.70E-02 
Lead kq 5.93E-01 4-46E-01 1.04E+00 7.49E-0 I 6.08E+00 
VOCs as C kg 2.53E-01 2.19E-0 I 4.72E-01 2.47E-01 7.22E-0 I 
Bcnzene k 9.79 -02 8.48E-02 1.83E-01 LOOE-01 3.05E-01 
Ethylbenzene kg 1.72E-02 1.49E-02 3.20E-02 1.70E-02 4.82E-02 
Formaldehyde kg 2.75E-04 2.48E-04 5.23E-04 5.2 1 E-04 9.77E-05 
Phenol kg 1.50E-01 1.06E-01 2.56E-0 I 1.36E-01 4.34E-01 
Toluene kg 8.84E-02 7.66E-02 1.65E-01 9.04E-02 2.76E-0 I 
Trichloroethylene k9 2.43E-02 2.20E-02 4.63E-02 4.6 1 E-02 1.46E-0 I 
Xylene kg 6.76E-02 5.85E-02 1.26E-01 6.69E-02 2.19E-0 I 
Cesium Isotopes kBq 7. OOE+03 6.30E+03 1.33E+04 1.21E+04 1.8 1 E+04 
Iodine kB 4ý86E+02 4.3 1 E+02 9.17E+02 6.92E+02 3.44E+03 
Strontium kB 9.72E+02 8.62E+02 
I 
1.83E+03 1.38E+03 6.88E+03 
Technetium kB 8.5 1 E+O I 7.55E+01 1.61E+02 1.21E+02 I 6.02E+02 
Uranium Isotopes kB 5.85E+00 5.19E+l 1.06E+O 
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Appendix 8-3: Energy Analysis Results for Supplying Electricity 
from Photovoltaics Mounted on the Roofs of Existing Buildings at the 
University of Surrey Compared with Conventional UK Electricity 
Supply. 
This appendix compares energy analysis results for the production of electricity from 
17,875M2 of PV modules mounted on to existing buildings at the University of Surrey 
and compares this with electricity supply from the average UK mix. it is based on the 
data from the ETH Zurich life cycle inventory database (Frischknecht et al., 1994). 
Table vii shows the amount of primary energy resources that would be used in 
supplying this electricity from a m-Si PV system and compares this with the energy 
resource use of the same system net of the energy resources required to construct an 
aluminiurn cladding system of the same size that the PV system would be in place of 
This is also compared with supplying 176.8 TJ of electricity from the conventional 
UK electricity supply, as this is the output the PV system would produce over its 
lifetime. Table vin shows the same data but on a primary energy equivalent basis. 
Table ix and x show the same data as table vii and vin respectively but for a 17,875 
M2 p-Si roof top PV system which would supply 142.6 TJ of electricity over its 
lifetime. 
Table vii: The Energy Resource Use in Supplying 176.8 TJ of Electricity to the University of 
Surrey - Comparison of a m-Si Roof Top PV System on Existing Buildings on Campus with 
Conventional Electricity Supply from the UK Grid. 
Energy Resource Use Unit m-Si Flat m-Si Sloped m-Si Total UK Mix Avoided 
Browncoal kg 9.88E+05 9.56E+05 1.94E+06 3.7 1 E+05 
Crude oil kg 2.80E+-05 2.69E+05 5.49E+05 8.97E+05 
Crude stone coal kg 9.82E+05 8.99E+05 1.88E+06 1.49E+07 
Mine gas kg 7.01E+03 6.40E+03 1.34E+04 1.04E-FOS 
Natural gas m3 2.32E+05 2.22E+05 4.54E+05 5.07E+06 
Oil gas m3 1.36E+04 1.3 1 E+04 2.67E+04 4.3 1 E+04 
Potent. energy water mJ 5.32E+06 4.83E+06 1.01E+07 1.1 OE+07 
Uranium kg 7.16E+O I 6.79E+O I 1.40E+02 5.23E+02 
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Table viii: Primary Energy Use in Supplying 176.8 TJ of Electricity to the University of Surrey - 
Comparison of a m-Si Roof Top PV System on Existing Buildings on Campus with Conventional 
Electricity Supply from the UK Grid. 
Primary Energy Use Unit m-Si Flat m-Si Sloped m-Si Total 
, 
UK Mix Avoided 
Browncoal MJ 8.65E+06 8.37E+06 1.70E+07 3.25E+06 
Crude oil MJ 1.24E+07 1.19E+07 2.42E+07 3.9 1 E+07 
Crude stone coal MJ 1.82E+07 1.66E+07 3.48E+07 2.75E+08 
Mine gas mi 2.65E+05 2.42E+05 5.07E+05 3.94E+06 
Natural gas MJ 8.58E+06 8.23E+06 1.68E+07 1.88E+08 
Oil gas MJ 5.85E+05 5.62E+05 1.15E+06 1.85E+06 
Potent. energy water MJ 5.32E+06 4.83E+06 I. OIE+07 1.1 OE+07 
. 
Uranium MJ 3.26E+07 109E+07 6.35E+07 2.38E+08 
I Primary energy input MJ I 
8.65E+07 8.16E+07 1.68E+08 7.60E+08 
Table ix: Primary Energy Use in Supplying 142.6 TJ of Electricity to the University of Surrey - 
Comparison of a p-Si Roof Top PV System on Existing Buildings on Campus with Conventional 
Electricity Supply from the UK Grid. 
Energy Resou me Use Unit I p-Si Flat P-Si Sloped p-Si Total UK Mix Avoided 
Browncoal kg 7.8013+05 7.60E+05 1.54E+06 3.42E+05 
Crude od kP 2.39E+05 2.30E+05 4.69E+05 8.18E+05 
Crude stone coal kg 8.25E+05 7.50E+05 1.57E+06 1.37E+07 
Mine gas kg 5,88E+03 5.34E+03 1.12E+04 9.60E+04 
Natural gas m3 1.80E+05 1.74E+05 3.54E+05 4.68E+06 
Od gas m3 1.16E+04 1.12E+04 2.29E+04 3.97E+04 
Potent. energy water MJ 4.40E+06 3.97E+06 8.37E+06 1.0 1 E+07 
Uranium kg 5.74E+01 5.46E+01 1.12E+02 4 82E+02 
Table x: Primary Energy Use in Supplying 142.6 TJ of Electricity to the University of Surrey - 
Comparison of a p-Si Roof Top PV System on Existing Buildings on Campus with Conventional 
Electricity Supply from the UK Grid. 
Primary Energy Use Unit p-Si Flat 
_ 
p-Si Sloped p-Si Total UK Mix Avoided 
Browncoal MJ 6.82E+06 6.65E+06 1.35E+07 2.99E 106 
Crude od MJ 1.05E+07 LOIE+07 2.07E+07 3.61 E-+ 07 
Crude stone coal mi 1.53E+07 1.39E+07 2.91 E+07 2.54EtO8 
Mine gas MJ 2.23E+05 2.02E+05 4.25E+05 3.64E+06 
Natural gas MJ 6.66E+06 6.42E+06 1.31 E+07 1.73E+08 
Ofl gas MJ 4.98E+05 4.80E+05 9.79E+05 1.71 E-+06 
energy water Potent. MJ 4.40E+06 3.97E+06 8.37E+06 1.0 1 E+07 
_ Uranium MJ 2.61 E+07 2.48E+07 5.1 OE+07 2.19E+08 
[Prmiarv energy input MJ 7.05E+07 6.66E+07 1.37E+08 7,01 E+08 
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Appendix 8-4: Streamlined Life Cycle Inventory Comparing 
Electricity Supply from Photovoltaics Mounted on the Roofs of 
Existing Buildings at the University of Surrey With Conventional 
Electricity Supply From the UK Electricity Mix. 
The following 4 pages constitute a streamlined life cycle inventory for the production 
of electricity from 17,875 M2 of PV modules mounted on Existing Buildings at the 
University of Surrey and compares this with electricity supply from the average UK 
electricity mix. It is based on the data from the ETH Zurich life cycle inventory 
database (Frischknecht et al., 1994). Table v shows the resource use and emissions 
released to air and water from supplying electricity from a m-Si PV roof top system. 
It also compares this with supplying 176.8 TJ of electricity from conventional sources 
- the UK electricity grid. Table vi shows the same results for a p-S1 system of the 
same size which is equivalent to supplying 142.6 TJ of electricity from conventional 
sources. 
463 
Appendices for Chapter 8. 
Table xi: Streamlined Life Cycle Inventory for Supplying 176.8 TJ of Electricity to the University 
of Surrey - Comparison of a m-Si Roof top PV System on Existing Buildings at the University 
with Conventional Electricity Supply from the UK Mix. 
Unit m-Si Flat rn-Si Sloped m-Si Total UK Mix Avoided 
System Size kWp kWp 1.20E+03 1.13E+03 2.32E+03 
Resource Use 
Silver kg 2.97E+03 2.80E+03 5.77E+03 2.64E+00 
Bauxite kg 2.60E+04 9.4 1 E+04 1.20E+05 3.8 1 E+04 
Copper kg 8.44E+03 7,87E+03 1.63E+04 9.08E+04 
Iron kg 1.24E+05 7.57E+04 2. OOE+05 3.1 OE+05 
Lead kg 1.14E+02 I. OIE+02 2.14E+02 5.85E+03 
Tin kg 1,64E+02 1.54E+02 3.1 8E+02 1.46E+00 
Zinc kg 2.46E+00 2.1 OE+00 4.55E+00 6.45E+00 
Emissions to Air 
Arsenic kg 2.24E-01 2.1 OE-0 I 4.34E-01 3.57E+00 
Boron kR 3.56E+01 3.45E+01 7.01E+01 7.84E+01 
Methane kg 9.46E+03 8.74E+03 1.82E+04 1.35E+05 
Cyanide kg 4.33E-01 4.06E-01 8.39E-01 6.16E-02 
Carbon Monoxide kg 1.87E+03 1.86E+03 3.73E+03 1.05E+04 
Carbon Dioxide kg 3.6 1 E+06 3.38E+06 7. OOE+06 3.90E+07 
Cadmium kg 1.73E-01 1.63E-01 3.35E-01 1.08E+00 
Hydrogen Sulphide kg 3.82E+O I 3.53E+01 7.35E+01 1.17E+02 
- Hydrogen Chloride kg 6.46E+02 6.39E+02 1.28E+03 6.73E+03 
Mercury kg 
- 
9.16E-02 8.33E-02 1.75E-01 9.5 1 E-0 I 
Dinitrogen Oxide kg 1.5 1 E+02 1.45E+02 2.96E+02 2.25E+03 
Ammonia kg 1.42E+01 1.31E+01 2.73E+01 1.5 1 E+02 
Nitrogen Oxides kg I. OIE+04 9.17E+03 1.92E+04 9.33E+04 
- 
PAHs kg 2.15E-01 2.05E-01 4.19E-01 2,71 E+00 
Lead kg 2.11 E+00 1.81E+00 3.92E+00 2.69E+01 
Sulpher Oxides kp, 2.08E+04 2.04E+04 4.12E+04 1,23E+05 
Benzene kg 1.33E+01 1.27E+01 2.60E+01 I. OOE+02 
Ethvlbenzene kg 4.78E+00 4.62E+00 9.40E+00 5.05E+01 
Formaldehyde kg 1.21E+01 1.18E+01 2.39E+01 2.24E+02 
Particles kg 2.60E+04 1.16E+04 3.76E+04 6.46E+04 
Phenol kp, 6.08E-03 5.6 1 E-03 1.17E-02 1.30E-01 
Toluene kg 7,30E+00 7.04E+00 L43E+0i 7.60E+01 
Chloroethene kg 1.88E+00 1.75E+00 3.63E+00 2.16E+01 
Xylene kg 2.16E+O I 2.06E+O I 4.22E+01 ? ? OE+02 
Cesium Isotopes kBcL 1.59E+02 1.5 1 E+02 3.1 OE+02 8.30E+02 
Iodine kBq 1.83E+02 1.73E+02 3.56E+02 1.33EiO3 
Radon kBq_ 4.94E+09 4.69E+09 9.63E+09 2.58E f 10 
Strontium kBq 5.48E+01 5,20E+01 1.07E+02 3.99E 102 
Technetium kBq 7.05E-03 6.69E-03 1.37E-02 5.13E-02 
Uranium Isotopes kBq 2.43E+02 I 2.32E+02 4.75E+02 1.93E+03 
Continued 
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Emissions to Water Unit m-Si Flat m-Si Sloped m-Si Total UK Mix Avoided 
Silver kg 8.69E-03 8.33E-03 1.70E-02 2.96E-02 
Arsenic kg 3.19E+00 2.92E+00 6.1 OE+00 4.8 1 E+O I 
Boron kg 2.2 1 E+00 2.13E+00 4.34E+00 3.49E+01 
BOD kg 1.22E+01 2.38E+01 3.61E+01 1.19E+O I 
Cvanide kg 8,54E-01 5.73E-01 1.43E+00 3.39E+00 
COD kg 5,79E+O I 5.66E+O 1 1.15E+02 1.46E+02 
Cadmium kg LIOE-01 9.84E-02 2.08E-01 1.33E+00 
Chlorine solutions (total) kg 1.24E+05 1.17E+05 2.4 1 E+05 1.77E+-05 
Chromium kg 1.64E+01 1.58E+01 3.22E+01 2.40E+02 
Copper kg 7.95E+00 7.25E+00 1.52E+01 1.19E+02 
Hydrosulphuric Acid kg 2.18E-01 1.68E-01 3.86E-01 1.76E+00 
Mercury kg 2.69E-03 2.59E-03 5.28E-03 4.84E-02 
Ammonia kg 3.8 IE+01 3.50E+O 1 7.3 1 E+O 1 1.3 1 E+02 
PAHs kg 1.88E-01 1.80E-01 3.6813-01 5.9713-01 
Lead kg 1.45E+01 1.26E+O 1 2.71 E+O I 1.34E+02 
VOCs as C kg 5.05E+00 4.85E+00 9.89E+00 1.60E+01 
Benzene kg 1.94E+00 1.87E+00 3.8 1 E+00 6.73E+00 
Ethylbenzene kg 3.4 1 E-0 I 3.28E-0 I 6.69E-01 1.07E+00 
Formaldehyde kg 5.90E-03 2.4413-03 9.34E-03 2.16E-03 
Phenol kg 3.25E+00 2.77E+00 6.02E+00 9.59E+00 
Toluene kg 1.76E+00 1.69E-ýW 3.45E+00 6.1 OE+00 
Trichloroethylene kg 2.8 1 E-0 I 2.62E-01 5.42E-0 I 3.23E+00 
Xylene kp, 1.35E+00 1.30E+00 2.65E+00 4.93E+00 
Cesium Isotopes kBq I 6.77E+04 6.41 E+04 1.32E+05 4. OOE+05 
Iodine kBq 1.04E+04 9.90E+03 2.03E+04 7.61 E+04 
Strontium kBq 2.09E+04 1.98E+04 4.07E+04 1.52E+05 
Technetium kBq 1.83E+03 1.73E+03 3.56E+03 1.33E+04 
Wranium Isotopes kBq 1.25E+02 1.2 1 E+02 2.45E+02 2.33E+03 
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Table xii: Streamlined Life Cycle Inventory for Supplying 142.6 TJ of Electricity to the 
University of Surrey - Comparison of a p-Si Roof top PV System on Existing Buildings at the 
University with Conventional Electricity Supply from the UK Mix. 
Unit p-Si Flat p-Si Sloped p-Si Total UK Mix Avoided 
System Size kWp kWp 1.11 E+03 1.04E+i)3 2.15E+03 
Resource Use 
Silver kg 2.97E+03 2.8OEi4)3 5.77E+03 2.43E+00 
Bauxite ke 2.45E+04 9.27E+04 1.17E+05 3.52E-HA 
Copper kg I 7.78E+03 7.24E+03 1.50E+04 8.37E-+04 
Iron kg 1.21E+05 7.28E+04 1.94E+05 2.86E+05 
Lead kg 1.05E-K)2 9.27E+01 1.98E+02 5.39E+03 
Tin kg 1.64E+, 02 1.54E+02 3.1 8E+02 1.35E+00 
Zinc kg 2.36E+00 2.01 E +00 4.38E+00 5.95E+00 
Emissions to Air 
Arsenic kk 1.85E-01 1.73E-01 3.58E-01 3.29E+00 
Boron kg 2.81E+01 2.74 E +0 1 5.55EAI 7.23E+01 
Methane kg 7.88E+03 7.26E+03 1.51E+04 1.25E+05 
Cyanide kg 4.55E-01 4.27E-01 8.82E-01 5.68E-02 
Carbon Monoxide kg 1.81E+03 1.80E+03 3.61E+03 9.65E44)3 
Carbon Dioxide kg 2.94E+06 2.75E+06 5.69E+06 3.59E+07 
Cadmium k 1.50E-01 IAIE-01 2.91E-01 9.91 E-01 
Hydrogen Sulphide k 3.84E-+4)1 3.56E+01 7.40E+01 I 08E+02 
Hydrogen Chloride k 4.55E+02 4.59E+02 9.14E+02 6.20E+03 
Mercury k 7.39E-02 6.66E-02 1.41E-01 8.77E-01 
Dinitrogen Oxide kg 1.21E+02 1.16E+02 2.37E-H)2 2.08E+03 
Anunonia kg I 1.34E+01 1.24E+01 2.58E+01 1.39E-H)2 
Nitrogen Oxides kg 8.64E+03 7.83E+03 1,65E+04 8.60E+04 
PA-Hs kg 1.98E-01 1.89E-01 3.88E-01 2.50E+00 
Lead kg 1.93E+00 1.64E+00 3.56E+00 2,49E+4)1 
Sulpher Oxides kg 1.71E+04 1.69E+04 3 41 F+04 1.14E-H)5 
Benzene kS 1.23E+01 1.18E+O 1 2.41 E+0 I 9.26E+O I 
Ethvibenz, ene kg 
I 
I 3.80E+00 3.70E+00 7.50E-H)O 4.66E-WI 
Formaldehyde km 9.66E+00 9.50E+00 1.92E+01 2.06E '02 
Particles k 2.5 1 E+04 1.07E+04 3.57E-H)4 5.96E+04 
Phenol k 1.36E-01 1.28E-01 2.64E-01 1.20E-01 
Toluene kR 6.12E+00 5.93E+00 1.21 E+0 1 7.01 E +0 1 
Chloroethenc kjq 2.84E+00 2.65E+00 5.49E-H)O 1.99E+01 
XvIcne kg 1.74E+01 1.67E+01 3.41 E-H) I 2.03E-+1)2 
Cesium Isotopes kBq 7.84E-+A)l 7.45E+I)l 1.53E+02 7.66 E +02 
Iodine kBq 1.46E+02 1.39E+02 2.85E-H)2 1.23E-HO 
Radon kBq 2.4 1E +09 2.31 E+09 4.72E+-W) 2.38E+10 
Strontium kBq I 4.40E-H)l 4.19 E +0 1 8.57E-44)] 3.68F44)2 
ITechnetium kBq 5.66E-03 5.38E-03 1.1 OE-02 4.73E-02 
ium Isotopes kBq 1.14E44)2 1 1.11 E-+4)2 I 2.25E+02 1.78E-fi)3 
Continued.... 
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Emissions to Water U! ýIt p-Si Flat p-Si Sloped p-Si Total UK Mix Avoided 
Silver ký_ 7.39E-03 7.11 E-03 1.45E-02 2.64E-02 
Arsenic kL_ 2.68E+00 2.44E+00 5.11 E+00 4.43E+01 
Boron kL_ 1.77E+00 1.72E+00 3.48E+00 3.22E+01 
BOD kyý__ 1.18E+O I 2.34E+01 3.53E+01 1.1 OE+O I 
Cvanide kg 8.22E-01 5.43E-01 1.37E+00 3.12E+00 
COD kg 5.76E+01 5.63E+01 1.14E+02 1.35E+02 
Cadmium kg_ 9.32E-02 8.30E-02 1.76E-01 1.23E+00 
Chlorine solutions (total) 2 .21 
E+04 4.89E+04 I. OIE+05 1.63E+05 
Chromium kp 1.38E+01 1.25E+01 2.63E+01 2.2 1 E+02 
Copper kg 6.68E+00 6.06E+00 1.27E+01 1.1 OE+02 
Hydrosulphuric Acid kg 2.08E-01 1.58E-01 3.66E-01 1.62E+00 
Mercury 9 . 
16E-03 2.09E-03 4.24E-03 4.46E-02 
Ammonia kL_ 3.47E+01 3.17E+01 6.64E+01 1.21E+02 
PAHs kg 1.61E-01 1.55E-01 3.16E-01 5.5 1 E-0 I 
Lead kg 1.14E+01 9.7 1 E+00 2.11 E+O I 1.24E+02 
vocs as C kR 4.30E+00 4.14E+00 8.44E+00 1.47E+01 
Benzene kg 1.66E+00 1.60E+00 3.27E+00 6.2 1 E+00 
Ethylbenzene kg 2.92E-01 2.81E-01 5.73E-01 9.82E-01 
Fonnaldchyde kg 9.07E-03 4.50E-03 1.26E-02 1.99E-03 
Phenol kR 2.92E+00 2.45E+00 5.37E+00 8.84E+00 
Toluene kg 1.50E+00 1.45E+00 2.95E+00 5.62E+00 
Trichloroethvlene k2_ 4.26E-01 3.98E-01 8.24E-01 2.98E+00 
Xviene kyL- 1.15E+00 1.11 E+00 2.26E+00 4.45E+00 
Cesium Isotopes kBq 1.21E+05 1.15E+05 2.36E+05 3.69E+05 
Iodine kBq 9.37E+03 7.95E+03 I 1.63E+04 7.01E+04 
Strontium Wý 1.67E+04 1.59E+04 3.26E+04 I AOE+05 
Technetium kBq 1.47E+03 1.39E+03 2.96E+03 1.23E+04 
Uranium Isotopes kBq_ 9.82E+01 9.57E+01 1.94E+02 2.15E+03 
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Appendix 8-5: Streamlined Life Cycle Inventory Comparing 
Electricity Supply from Photovoltaics with Conventional Electricity 
Supply From the UK Electricity Mix per kWh of Electricity 
Supplied. 
The following 4 pages constitute a streamlined life cycle inventory for the supply of I 
kWh of electricity to the University of Surrey. Table xiii shows this inventory for 
BiPV systems hypothetically installed on the EIHMS Building at the University. It 
compares p-SI With m-Si modules and shows the effect of deducting the emissions 
associated with an aluminium cladding system that the PVs would be in place of 
Table xiii: Streamlined Life Cycle Inventory for Supplying I kWh of Electricity to the University 
of Surrey - Comparison of m-Si and p-Si BiPV Systems integrated into the New EIHMS 
Building at the University. 
Resource Use Unit m-Si EIHMS Net m-Si EIHMS p-S1 EIHMS Net p-Si EIHMS 
Primary energy input mi 3.9 1E +00 3.02E+00 3.43E+()() 2.471: +0) 
Silver kg 1.36E-04 1.36E-04 1.471,144 1.471-'-04 
Bauxite kg 4d34E-03 - 1.12E-02 4.61E-03 
Copper kg 18IF-04 3.73E-04 3.79E-04 3.7OF-04 
Iron kg 2.371,, '-03 7,47E-04 2.40E-03 6.53F-04 
Lead kg 4ý971`-00 4.201-1-06 4.83E-06 4.111 -'-06 
Tin kg 7.491-1-06 7.48E-06 8.08E-06 8.071-, -06 
Zinc kg 9.82E-08 1.53E-08 LOIE-07 1 201-. -08 
Emissions to Air __ _ 
Anienic kg 9.94E-09 6.91E-09 8.80E-09 5.53F-09 
Boron kg 1.66E-06 1.32F-06 1.42E-06 1,051-06 
Methane kR 4.13E-04 3,20F, -04 3.67E-04 2.67F-04 
Cyanide kg 1.97E-08 1961-1-08 2.23E-08 2&22F-08 
Carbon Monoxide kg 8.74E-05 2.14E-05 9.141--'-05 2.021; -05 
Carbon Dioxide kg 1.61E-01 1.14E -0 1 1.40E-01 8.951-', -02 
Cadmium kg 7.72E-09 4.22E, -09 7.20E-09 3.42E-09 
Hydrogen Sulphicle kg 
- 
1,69E-06 1.631,1-06 1.94E-06 1.7 71 -, '-06 
Hydrogen Chloride kg 
_3,08F-05 
2.19E-05 2,38F-05 1.42F-05 
Mercury kg 3.991,1-09 3.12E-09 3.431: -0() 2.491,1'-09 
Dinitrogen Oxide kg 6.97E-06 5.441`1 -06 6.031-l'-06 4,371-'4)0 
Ammonia kg 6.25E-07 5.391', -07 6301: -07 541 F-07 
Nitrogen Oxides kg 4.371-04 3.1 W-04 4.02FI-04 2.7 31 '1 -04 
PAI-Is kR 9.86E-09 8 70F-09 9,84E'-09 8 59F-09 
Lead kg 8.08E-08 4,381: -08 7,801-, '-Oh 3 8IF-OK 
Sulpher Oxides kg 9,75E-04 6,61E-04 8 72E-04 5 33F-04 
Benzene kg 1 6.04E-07 3.84E-07 6.031-', -07 3,65F-07 
Ethylbenzene kg 1 2.22F, '-07 1.72E-07 1,921, '1-07 1.371: -07 
Fonnalclehyde kg 5.68E-07 4.20E-07 4 92E-07 3.33111'-07 
Particles kg 5.12E-04 2.91 E-04 5 061-l'-04 2,671-1-04 
Phenol kg 2.64E-10 2.1 IE-10 6.7 11 -'-09 6.65FI-09 
Toluene kg 3.36E-07 2.2613-07 3.051; -07 1.86E-07 
Chloroethene kg 8.48E-09 8.421'1'-08 1.39E-07 1,381-*-07 
XvIenc kg 1 9.90F-07 7.651-'-07 9.64E-07 6.221-l'-07 
Cesium Isotopes KBq 7.2913-06 6ý27E-06 3.96E4)6 2.76E-06 
Iodine kBq 8.35E-06 6.70E'-06 7.2 1 E-00 5.4 31 -'-06 
Radon kBq 2.26E-K)2 1.941: +02 1.20E+02 8.511-'+()l 
Strontium kBq 2.50E-06 2.01E-06 2.17E-06 1.64F-00 
Technetium kBq 3.22E-10 2.59E-10 2.791-1-10 2.1 IF-10 
Uranium Isotopes kBq 1.12E'-05 9.59E-06 5,76h-06 1 4_. 0 11 -, '-06 
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Emissions to Water Unit m-Si EIHMS Net m-Si EIHMS_ p-Si EIHMS Net p-Si EIHMS 
Silver kg 3.97E-10 2.39E-10 3.65E-10 1.94E-10 
Arsenic kg 1.37E-07 1.1 OE-07 1.23E-07 9.33E-08 
Boron k 1.03E-07 7.76E-08 8.89E-08 6.20E-08 
BOD kg 1.08E-06 -1.54E-06 1.15E-06 -1.68E-06 
Cyanide kg 2.04E-08 9.90E-09 2.05E-08 9.15E-09 
COD kg 2.57E-06 1.99E-06 2.76E-06 2.14E-06 
Cadmium kg 4.56E-09 3.42E-09 4.12E-09 2.89E-09 
Chlorine solutions (total) kg 5.65E-03 5.42E-03 2.54E-03 2.29E-03 
Chromium 
- 
kg 6.98E-07 5.55E-07 6.26E-07 4.72E-07 
Copper kg 3.41 E-07 2.72E-07 3.06E-07 2.3 1 E-07 
Hydrosulphuric Acid 
_ 
_ kg 6.91 E-09 5. OOE-09 6.97E-09 4.9 1 E-09 
Mercury kg 1.25E-10 LOOE-10 1.08E-10 8.2 1 E- II 
Ammonia kg 1.65E-06 1.30E-06 1.61 E-06 1.24E-06 - 
PAHs k 8 57E-09 5.16E-09 7.93E-09 4.25E-09 
Lead kg 5.75E-07 4.54E-07 4.68E-07 3.37E-07 
VOCs as C kg 2.3 1 E-07 1.37E-07 2.12E-07 LIIE-07 
Benzene kg 8.90E-08 5.46E-08 8.22E-08 4.5 1 E-08 
Ethylbenzene kg 1.56E-08 9.37E-09 1.44E-08 7.67E-09 
Formaldehyde kg 1.19E-10 1.18E-10 2.35E-10 2.34E-10 
Phenol kg 1.22E-07 7.17E-08 1.15E-07 6.11 E-08 
Toluene kg 8.05E-08 4.94E-08 7.43E-08 4.07E-08 
Trichloroethylene k 1.27E-08 1.26E-08 2.08E-08 2.07E-08 
Xylene kg 6.18E-08 3.71 E-08 5.68E-08 3-OIE-08 - 
Cesium Isotopes kBq 3.09E-03 2.60E-03 5.99E-03 5.45E-03 
Iodine kBq 4.77E-04 3.83E-04 4.13E-04 3ý 12 E-04 
Surontim kBcj 9.54E-04 7.66E-04 8.25E-04 6.23E-04 
Technetitun kBq 8.34E-05 6.70E-05 7.23E-05 5.46E-05 
Uranium Isotopes_ kBq 5.82E-06 4.62E-06 4.97E-06 3.68E-06 
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Table xiv shows the same inventory as table xiii but compares I kWh of electricity 
supply from PVs mounted on the roofs of existing buildings at the University (for p- 
Si and m-Si modules) and compares this with I kWh supplied to the University from 
the conventional grid. 
Table xiv: Streamlined Life Cycle Inventory for Supplying I kWh of Electricity to the University 
of Surrey - Comparison of Roof top PV Systems on Existing Buildings at the University with 
Conventional Electricity Supply from the UK Mix. 
Resource Use Unit m-Si Mounted p-Si Mounted UK Mix Avoided 
Primary energy input mi 3.83E+00 3.03E+00 1.59E+01 
Silver kg 1.18E-04 1.27E-04 5.37E-08 
Bauxite kg 2.45E-03 2.59E-03 7.76E-04 
Copper kg 3.32E-04 3.32E-04 1.85E-03 
Iron k 4.08E-03 4.29E-03 6.3 1 E-03 
Lead kg 4.37E-06 4.37E-06 1.19E-04 
Tin kg 6.48E-06 7.02E-06 2.98E-08 
Zinc kR 9.27E-08 9.67E-08 1.3 1 E-07 
Emissions to Air 
Arsenic kg 8.84E-09 7.91 E-09 7.27E-08 
Boron kg 1.43E-06 1.23E-06 1.60E-06 
Methane kg 3.71 E-04 3.34E-04 2.75E-03 
Cyanide J4 1.71 E-08 1.95E-08 1.26E-09 
Carbon Monoxide kg 7.59E-05 7.97E-05 2.13E-04 
Carbon Dioxide kg 1.42E-01 1.26E-01 7.94 E-0 I 
Cadmium kg 6.83E-09 6.42E-09 2.19E-08 
Hydrogen Sulphide kg 1.50E-06 1.63E-06 2.38E-06 
Hydrogen Chloride kg 2.62E-05 2.02E-05 1.37E-04 
Mercury kg 3.56E-09 3.1 OE-09 1.94E-08 
Dinitrogen Oxide kg 6.03E-06 5.24E-06 4.58E-05 
Ammonia kg 5.56E-07 5.69E-07 3.07E-06 
Nitrogen Oxides kg 3.92E-04 3.64E-04 1.90E-03 
PAHs R 8.54E-09 8.56E-09 5.52E-08 
Lead kg 7.98E-08 7.86E-08 5.47E-07 
Sulpher Oxides kL_ 8.38E-04 7.52E-04 2.5 1 E-03 
Benzene kg 5.30E-07 5.32E-07 2.05E-06 
Ethylbenzene kg 1.91 E-07 1.66E-07 1.03E-06 
Formaldehyde kg 4.87E-07 4.23E-07 4.56E-06 
Particles kg 7.65E-04 7.89E-04 1.32E-03 
Phenol 9 2.38E-10 5.84E-09 2 64FI-09 
Toluene kg 2.92E-07 2,66E-07 I 55E-06 
Chloroethene kg 7.38E-08 1.21E-07 4.39E-07 
Xylene kg 8.59E-07 7.54E-07 4.47E-06 
Cesium Isotopes kBq 6.32E-06 3.38E-06 1.69E-05 
Iodine kBq 7.24E-06 6.29E-06 2.71 E-05 
Radon kBq 1.96E+02 1.04E+02 5.26E+02 
Strontium kBq 2.17E-06 1.89E-06 8.13E-06 
Technetium kBq 2.80E- 10 2.44E- 10 1.04E-09 
Uranium Isotopes kBq 9.67E-06 4.98E-06 3.93E-05 
Continued 
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Emis s ions to Water Unit m-S i Mounted p-S i Mounted UK Nfix Avoided 
Silver kg 3.47E-10 3.20E, 10 5.82E, 10 
Arsenic kg 1.24E, 07 1.13E, 07 9.79E, 07 
Boron kg 8.83E-08 7.69E, 08 7.11 &07 
BOD kg 7.35E, 07 7.79E, 07 2.43E, 07 
Cyanide kg 2.90E-08 3.02E, 08 6.89E-08 
COD kg 2.33F, 06 2.52E, 06 2.97E-06 
Cadmium kg 4.23E-09 3.89E-09 2.71 E, 08 
Chlorine solutions (total) kg 4.91 E-03 2.23E, 03 3,60E, 03 
Chrorrium kg 6.55E-07 5.80&07 4.89E, 06 
Copper kg 3.1 OE-07 2.81 E-07 2.43E, 06 
Hydrosulphufic Acid 
_ 
kg 7.85E, 09 8.09E-09 3.59E, 08 
Mercury kg 1.07E, 10 9.37E- II 9.85E- 10 
Anymnia kg 1.49&06 1.47E, 06 2.68E-06 
PAHs kg 7.49E-09 6.98E-09 1.22E-08 
Lead kg 5.53E-07 4.66E, 07 2.74&06 
VOCs as C kg 2.01E-07 1.86E-07 3.25&07 
Benzene kg 7.76E-08 7.21 &08 1.37E-07 
Ethylbenzene kg 1.36E, 08 1.27E-08 2.17E-08 
Formaldehyde kg 1.70E-10 2.78E-10 4.40& 11 
Phenol kg 1.22E, 07 1.19E-07 1.95E-07 
Toluene kg 7.02E-08 6.51 E-08 1.24E-07 
Trichloroethyl ne kg 1.1 E-08 1.82E-08 6.59E-08 
Xylene k 5.39&08 4.98E, 08 9.83E-08 
CesiumIsotopes kBq 2.68&03 5.21 &03 8.14E-03 
Iodine kBq 4.14E-04 3.60E-04 1.55F, 03 
Strontium kBq 8.28F, 04 7.21 E-04 3.1 OE-03 
Technetium kBq 7.24F, 05 6.3 1 &05 2.71 E-04 
luranium isotopes Wq 5. OOF, 06 4.28E-06 4.75E-05 
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